Assessment of ultraviolet light disinfection efficiency of advanced wastewater treatment plant effluent by Truong, Man N
UNLV Retrospective Theses & Dissertations 
1-1-1995 
Assessment of ultraviolet light disinfection efficiency of advanced 
wastewater treatment plant effluent 
Man N Truong 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Truong, Man N, "Assessment of ultraviolet light disinfection efficiency of advanced wastewater treatment 
plant effluent" (1995). UNLV Retrospective Theses & Dissertations. 560. 
http://dx.doi.org/10.25669/nbfa-z4zk 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleed through, substandard margins, 
and improper alignment can adversely afreet reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indirate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order.
A Bell & Howell Information Com pany 
300 North Z eeb  R oad. Ann Arbor. Ml 48106-1346 USA 
313/761-4700 800/521-0600

ASSESSMENT OF ULTRAVIOLET LIGHT DISINFECTION 
EFFICIENCY OF ADVANCED WASTEWATER 
TREATMENT PLANT EFFLUENT
by
Man N. Truong
A Thesis submitted in partial fulfillment 
of the requirement for the degree of
Master of Science
in
Engineering
Department of Civil and Environmental Engineering 
University of Nevada, Las Vegas 
December, 1995
UMI Number: 1377661
UMI Microform 1377661 
Copyright 1996, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized 
copying under Title 17, United States Code.
UMI
300 North Zeeb Road 
Ann Arbor, MI 48103
The Thesis of Man N. Truong for the degree of Master of Science in Engineering is 
approved.
r-
Examining Committee Chair, D imes, Ph.D
Examining Committee Member, James A. Cardie, Ph.D.
/2 K . ^
Examining Committee Member, Mohamed S. Kaseko, Ph.D.
iGraduate Faculty Representative, Penny S. Amy, Ph.D
Interim Dean of Graduate College, Cheryl L. Bowles, Ed.D.
University of Nevada, Las Vegas 
Dec-95
ABSTRACT
Pilot-scale operation o f a 3-bank UV disinfection system for filter effluent from the 
Clark County Advanced Wastewater Treatment Plant has shown >4-log removal of 
seeded MS-2 coliphage at UV dosages o f 80-100 milliwatt-seconds per square centimeter 
(mW-s/cm2), and consistent removal o f fecal and total coliforms to less than 2.2 MPN/100 
mL at dosages in the vicinity o f 50-80 mW-s/cm2 UV transmittance varied from 40% to 
70% over the monitoring period and was strongly correlated with turbidity. No diurnal 
variations in effluent quality were detected during intensive sampling. Effluent quality was 
most strongly affected by storm events that change filter operation conditions. Rapid 
biological fouling occurred on the off-line banks. Inorganic fouling o f on-line banks was 
minimal. Assuming a worst case UV transmittance (%) and required treatment dosage 
(mW-s/cm2), treatment capacity of this 30-foot long, 6-lamp system was 0.10 million 
gallons per day
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CHAPTER 1 
INTRODUCTION
Disinfection is used in water treatment to reduce disease-causing organisms to 
an acceptable level before discharge to the environment. Wastewater effluent is 
disinfected prior to discharge to inactivate enteric bacteria, viruses, and amebic cysts. 
Diseases caused by waterborne pathogens include cholera, typhoid, bacillary dysentery, 
poliomyelitis and infectious hepatitis. Typically, disinfected effluents must not exceed 
200 most probable number per 100 milliliter o f effluent (MPN/100 mL) o f total 
coliform bacteria according to surface discharge criteria set forth by the California 
Wastewater Reclamation Criteria (CWRC, 1978). Under the most stringent 
wastewater reuse criteria, such as irrigation o f food crops or golf courses, and non­
restricted recreation impoundment, wastewater is adequately disinfected if the median 
number o f total coliform does not 2.2 MPN/lOOmL and the number o f total coliform 
does not exceed 23 MPN/lOOmL in more than one effluent sample within any 30-day 
period. The median value is determined from the bacteriological results o f the last 7 
days for which analyses have been completed (CWRC 1978).
Chlorination has long been the preferred method for disinfection o f wastewater 
in the United States. Chlorination is low in cost and highly efficient in the inactivation 
o f pathogens. With recent concerns regarding the potential toxicity o f chlorination 
by-products and stringent safety requirements on the transport storage and handling of 
chlorine gas, chlorination has become less attractive as a disinfection method. These 
factors have contributed to the recent interest in alternative disinfection methods.
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Ultraviolet (UV) radiation has emerged as a potential alternative for 
wastewater effluent treated to discharge and reclamation standards. UV radiation from 
mercury arc lamps has been used since the early 1900’s for the sterilization o f water. 
The major use o f UV radiation is for the sterilization o f potable water. Since 1975, 
interest in UV as an alternative disinfectant for wastewater in the United States has 
gained momentum. In 1975, the EPA planned and funded four investigations o f UV as 
a wastewater disinfectant based upon the EPA discharge requirement o f 200 MPN/100 
mL fecal coliforms. These projects included the plant-scale investigations at 
Waldwick, NJ., Port Richmond, NY., and St. Michaels, Maryland.
The results o f these studies generated a high interest in the acceptability o f UV 
as an alternative disinfectant to chlorine. By 1984 about 100 systems had been funded; 
o f these, about 50 were being installed, and approximately 15 were in operation.
The Clark County Sanitation District (CCSD) operates wastewater collection 
and treatment facilities which serve the unincorporated areas in metropolitan Las 
Vegas, Nevada. CCSD operates a wastewater plant that treats an average flow rate o f 
60 and peak flow rate o f 68 million gallons per day (MGD). Treatment consists o f a 
secondary activated sludge process followed by tertiary treatment at a separate 
advanced wastewater treatment plant (AWT) to remove nutrients (phosphorus), then 
chlorine disinfection. At the Advanced Wastewater Treatemt Plant (AWT), 
phosphorus removal was achieved using lime coagulant and filtration.. After April 
1995, CCSD abandoned lime in favor of ferric chloride as the main coagulant for 
phosphorus removal, and after a subsequent granular medium filtration process to 
remove suspended solids, chlorine gas is used for disinfection. Prior to discharge to 
Las Vegas Wash, sulfur dioxide is used for dechlorination.
Because o f environmental and safety concerns associated with the continued 
use o f  chlorine, an ultraviolet (UV) disinfection system has been proposed to replace 
the existing chlorination system at the AWT Plant. In mid-July through mid-December 
1994, CCSD conducted a UV pilot testing project to assess the feasibility o f the UV 
process for disinfecting filtered effluent to meet a 30-day geometric fecal coliform 
bacterial mean o f 2.2 MPN/100 mL for reuse applications, and 200 MPN/100 mL for 
discharge to surface waters. Assayed organisms for the pilot studies included fecal 
coliform, total coliform, heterotrophic bacteria, and MS-2 bacteriophage. M ost o f the 
study was repeated in 1995 after CCSD switched to ferric coagulant.
Project Objectives 
The objectives o f this study were to:
A. Establish relationships between UV disinfection results and water quality 
parameters in lime and ferric treated effluent.
B. Determine the UV dose ranges needed to achieve 200 MPN/100 mL and
2.2 MPN/100 mL fecal and total coliform densities.
C. Identify maintenance requirements and lamp cleaning frequency.
The results o f the pilot studies will assist CCSD in determining the UV dose 
required to disinfect filtered effluent to meet the 30-day geometric fecal coliform mean 
o f  2.2 MPN/100 mL for reuse and 200 MPN/100 mL for discharge to surface waters, 
identifying maintenance requirements and the cleaning frequency required to operate 
the system effectively; establishing relationships between UV disinfection results and 
transmittance and turbidity; and developing site-specific design criteria and full-scale 
facilities cost.
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Ultraviolet Disinfection Process
Disinfection by ultraviolet radiation is a physical process where radiation 
emitted from ultraviolet light sources alters an organism’s molecular and subcellular 
structures. UV radiation is generated by special sources o f mercuiy vapor known as 
germicidal lamps. The germicidal lamps operate on the same principle as regular 
fluorescent lamps; that o f electron flow between electrodes through ionized mercury 
vapor. The difference between the two is that the bulb o f the germicidal lamp is made 
o f special quartz which is not coated, so it transmits UV radiation generated by the arc. 
The Fischer & Porter low-pressure mercury arc lamps operate at a partial pressure of 
10‘3 to 10'2 torr and emit their maximum energy output at a wavelength o f 253.7 nm. 
The optimum UV wavelength range is 250 to 270 nm for-germicidal effects (Metcalf & 
Eddy, Inc., 1991). UV radiation penetrates the cell wall o f the microorganism and 
induces damage to the cell’s nucleic acids (DNA & RNA). The photochemical 
changes induced by UV radiation on the DNA of an organism have been thoroughly 
studied. The damage o f organism’s DNA often results from the dimerization o f  two 
pyrimidine molecules (Figure 1-1) where A, C, G, T are defined as Adenine, Cytosine, 
Guanine and Thymine, respectively (USEPA, 1986).
A C G T A A C A C
T G C A T T G T G
Figure 1-1. Dimerization of Thymine Nucleotides in DNA
During exposure to UV radiation, new chemical bonds are formed between two 
adjacent thymine monomers, resulting in a double bonded thymine molecule. The 
formation o f dimers makes cell replication very difficult. I f  replication does occur, 
mutant daughter cells will be produced which are unable to replicate (US EPA, 1986).
The rate o f disinfection is directly related to the average intensity o f  UV light 
and the time of exposure. This is the rate at which the radiation energy is delivered to 
the wastewater by the UV source. To calculate the UV dose, average UV reactor 
intensity is multiplied by exposure time. The UV dose is defined as follows:
D  = I x t  (1-1)
where D = UV dose, mWs/cm2
I = intensity o f germicidal UV energy, mW/cm2 
t = exposure time or theoretical retention time, seconds.
UV dosage is directly proportional to the retention time and consequently, 
inversely proportional to the system flow rate. UV intensity is affected by various 
factors such as lamp age, lamp type, lamp fouling, and influent water quality. UV 
intensity was calculated using the point source summation (PSS) method 
recommended in the EPA Design Manual (EPA/625/186/021, 1986). In the PSS 
method, the average UV intensity for a particular reactor geometry and lamp 
configuration is determined as a function of the UV transmittance o f the water to be 
disinfected. UV lamps within the reactor are treated as a finite series of point sources 
radiating in all directions. The light of every point source is assumed to be spread over 
spheres. The intensity at any point in the reactor is determined by summing the 
intensities received at that point from all point sources in the system.
CHAPTER 2
REVIEW OF EXISTING MODELS
Research throughout the 1980’s generated several models used to decribe the 
performance o f UV radiation for disinfection o f coliforms and related microorganisms 
under both laboratory and field conditions. All models have advantages and 
disadvantages, and none are universally used or accepted at present.
First Order Kinetics Model
The inactivation o f bacteria by UV radiation historically has been approximated 
by first order kinetics (EPA, 1986):
—  = -k IN  (2-1)
dt
which, in integrated form is:
N  = K e -k,‘ (2-2)
where
N  = bacterial density after exposure to UV light, MPN/lOOmL 
N0 = initial bacterial density, MPN/lOOmL 
k = inactivation rate constant, cm3/Ws 
I = intensity o f the germicidal UV energy, W/cm3 
t  = exposure time, seconds
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The intensity is the rate at which the energy is being delivered to the liquid.
The rate constant, k, is the slope o f  the relationship o f ln(N/N0) as a function o f the 
dose.
Second O rder Kinetics Model
Generally, dose-reponse has been described by first order kinetics, which will
show a marked tailing off as the log surviving fraction is reduced to low levels. In
practice, wastewater facilities operate in the tailing region o f the log survival versus 
dose curve. It has been suggested (White, 1985) that the dose-response relationship 
be characterized by a mathematical model that assumes second order kinetics when the 
coliform concentrations are in the range where disinfection usually takes place, as 
follows:
—  = - k N 2I  (2-3)
dt K '
Integrated, this becomes
— -  —  = klt (2-4)
where
N = effluent coliform concentration at time t, MPN/lOOmL 
N0 = influent coliform concentration, MPN/lOOmL 
k = rate constant
I = average UV intensity in the exposure chamber 
The influent coliform concentration is so much greater than the effluent 
coliform concentration that the term 1/N0 becomes insignificant and Equation 2-4 can 
be simplified to:
8
— = klt (2-5)
N  . '
Incorporation of Particulate Effects Into UV Model Kinetics
Although the first-order model provides a good first approximation o f UV 
inactivation, direct testing on mixed cultures will often show deviations from ideal 
first- order kinetics with increasing dose. This is attributed to a lag in the initial 
response to UV radiation due to bacterial resistance, and aggregation o f bacteria in 
particulate matter. Suspended solids in effluent can harbor or shield organisms, thus 
lessening UV intensity reaching target organisms and their inactivation as shown in 
Figure 2-1. Scheible (1987) attempted to account for this phenomenon by adding a 
term Np, related to bacterial density associated with particulate matter, to the first 
order kinetics model:
N  = N , e (-m  + N p (2-6)
where
Np = density associated with the particulates and unaffected by UV radiation
The value o f Np is described as a function o f suspended solids by the 
correlation o f the log effluent coliform density to the log suspended solid. When 
transformed, the expression is in the form:
N p = cSSm (2-7)
where
SS = suspended solid, mg/L
c, m = empirical coefficient
The coefficients c and m are derived from a log-log regression o f effluent 
bacterial density associated with suspended solids concentrations.
9
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Figure 2-1. Effects of particles on UV disinfection
Modeling of Dispersion Effects 
The development of the first order model is based on ideal plug flow condition 
with no axial dispersion. Under actual conditions, axial dispersion and velocity 
gradients have the potential to cause a distribution o f  fluid residence times. The 
efficiency o f a UV reactor is dependent upon the dispersion index, which is related 
directly to exposure time and physical lamp configuration. Dispersion index can be 
determined in the same fashion as the dispersion index for a chlorine contact chamber 
with dye or non-reactive agent tracer study. A complete tracer test o f the Fischer & 
Porter UV pilot unit is presented in a later chapter o f  this thesis
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Assuming a one-dimensional advective-dispersive flow, Scheible (1987) 
developed a mathematical expression that incorporates the dispersion effects into the 
rate equation:
where
E = dispersion coefficient, cm2/s 
x = forward distance traveled during exposure, cm 
u = fluid velocity through the reactor, cm/s 
k = inactivation rate constant, s '1 
SS = suspended solids concentration
c, m = empirical coefficients which reflect the site specific sensitivity o f  the 
microorganisms to UV light
The inactivation rate, k, is expressed as a function o f the UV intensity. It is
estimated with the following empirical relationship (EPA, 1986):
where
Iavg = average intensity in reactor
a, b = empirical coefficients specific for wastewater conditions
Although Scheible’s proposed model does address the significance o f other 
water quality parameters concerning UV disinfection, its accuracy in predicting UV 
performance is uncertain. The empirical coefficients c and m in the term cSSm, which 
are associated with the concentration o f suspended solids in the wastewater to be 
disinfected, are determined through a linear regression o f experimental data, and the
(2-8)
(2-9)
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uncertainty in the model predictions is neglected. The correlation coefficient value of 
linear regression (Port Richmond data) used to generate the coefficients c and m is 
relatively low (r2 = 0.46), suggests that the model does not completely explain all o f 
the variance in the experimental data. When using the model, it requires the generation 
o f four empirical coefficients through site-specific experiments, which makes it rather 
impractical to use.
Functional Form  of UV Disinfection M odel (W ERF M odel)
The existing UV disinfection models described above provide good 
approximation o f UV inactivation. However, there are limitations associated with each 
model. Values for the empirical coefficients a, b, c, and m in Eq. 2-6 and 2-8 must be 
estimated in the absence o f site-specific- results. The uncertainty in the model 
predictions is neglected, and the inclusion o f an additive SS term in Scheible’s 1987 
model overestimates the influence o f SS in disinfection, resulting in conservative 
designs (WERF, 1995).
An alternate empirical model developed by Emerick and Darby in 1993 
combines several water quality parameters to describe inactivation in the tailing region 
o f the dose- response curve based on analyses o f the experimental data during pilot- 
scale testing at the University of California, Davis and the Central Contra Costa 
Sanitation District. The water quality parameters include the values o f suspended 
solids concentration, unfiltered wastewater UV transmittance at 253.7 nm, and UV 
dose. The functional form (WERF, 1995) found to best decribe the inactivation data 
was:
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N  = A(SSy(UFT)b( p y  (2-10)
where
N = effluent coliform concentration, MPN/lOOmL 
SS = suspended solids concentration, mg/L 
UFT = unfiltered UV transmittance at 253.7 nm 
D = UV dose, mWs/cm2 
n = empirical coefficient related to UV dose 
A, a, b, = empirical coeffients
Review of Literature
Since the early 1980’s, several studies have been conducted on the feasibility o f 
UV radiation as an alternative wastewater disinfectant. Table 2-1 summarizes selected 
results in the literature on the performance o f UV radiation for disinfection o f coliform 
and related microorganisms under both laboratory and field conditions. One o f  the 
three studies (Quail & Johnson, 1984) was conducted under laboratory conditions. 
Studies conducted under field conditions required higher UV dose than laboratory 
studies to achieve a comparable log survival. The UV dose required for germicidal 
effect varies with wastewater quality.
Petrasek, et al. (1980) conducted a UV disinfection study under field 
conditions using both filtered and unfiltered activated sludge effluents. A 5.0 log 
removal o f total coliform was achieved at a UV dose o f 37.1 mWs/cm2 for filtered 
effluent. For unfiltered effluent, a 4.44 log removal o f total coliforms was achieved at 
a UV dose o f 37.2 mWs/cm2. Fecal coliform log removal o f 4.22 was achieved at a 
UV dose o f 37.1 mWs/cm2 for filtered activated sludge effluent of, and 4.41 log
removal was achieved at a UV doses o f 37.2 mWs/cm2 for unfiltered activated sludge 
effluent, respectively.
Quail & Johnson (1984) conducted a bench scale UV disinfection study in the 
laboratory with a collimated beam apparatus. They concluded that a 4.3 log removal 
o f total coliform was achieved at a UV dose o f 8.5 mWs/cm2 for filtered effluent. A
3.2 log removal o f  total coliform was achieved at a UV dose o f 15.8 mWs/cm2 for 
unfiltered effluent.
Darby, Snider, and Tchobanoglous (1993) conducted a UV disinfection study 
under field conditions using both unfiltered and filtered secondary wastewater 
effluents. Using the stringent criterion specified in the California Wastewater 
Reclaimation Criteria (CWRC, 1978), they concluded that the CWRC criterion of the 
7-day median value not exceed 23 total coliform MPN/100 mL was met consistently 
for unfiltered wastewater effluent exposed to an average UV dose o f  60 mWs/cm2 or 
greater. Under the same CWRC criterion, an average UV dose o f 48 mWs/cm2 or 
greater was required for filtered wastewater effluent. The most stringent CWRC 
criteria, that the 7-day median value not exceed 2.2 total coliform MPN/100 mL, and 
that the total coliform not exceed 23/100 mL in more than one sample in a 30-day 
period, were met consistently in filtered effluent exposed to an average UV dose o f at 
least 97 mWs/cm2. An average kill exceeding o f 4 log was achieved for a UV dose o f 
45 mWs/cm2 or higher. They also concluded that UV disinfection was greatly 
enhanced due to the removal o f suspended solids by filtering the secondary effluent.
The log removal and UV dose in Table 2-1 raise some interesting comparisons 
between laboratory conditions and field conditions. Higher UV doses were needed in
the field studies compared to the laboratory study. However, given the variability in 
determining the UV dose under field conditions, direct comparisons should be viewed 
with great caution.
Table 2-1. Results of UV Disinfection Performance for Coliforms Under Field and 
Laboratory Conditions.
References
Culture
Technique3 Organism
UV Dose 
mWs/cm2
Log3
Removal Remarks
Darby, Snider, MPN Total 30 3.73 Unfiltered activated sludge
Tchobanoglous Coliform 45 4.15 effluents
1993 60 4.27
80 4.32
91 4.35
136 4.46
159 4.62
239 4.36
Total 48 4.40 Filtered activated sludge
Coliform . 97 4.77 effluents
145 4.83
Quail & MF Total 3 1.00 Unfiltered secondary effluents,
Jonhson, 1984b Coliform 15.8 3.20 collimated beam
17 3.80 Filtered secondary effluents,
3.5 1.00 collimated beam
8.5 4.30
Petrasek, A., MPN Total 10.8 2.74 Filtered activated sludge
etal. 1980 Coliform 37.1 5.00 effluents
11.5 2.96 Unfiltered activated sludge
37.2 4.44 effluents
Fecal 10.8 2.69 Filtered activated sludge
Coliform 37.1 4.22 effluents
11.5 2.84 Unfiltered activated sludge
37.2 4.21 effluents
“Converted to log removal; log removal = - log survival 
'’Laboratory collimated beam study
CHAPTER 3 
EXPERIMENTAL METHODOLOGY
This chapter describes the experimental facilities, sample collection methods, 
and experimental methodology employed in the field and laboratory at the CCSD 
AWT.
Experimental Facilities at the CCSD AWT
To investigate the feasibility of UV disinfection process, a UV disinfection pilot 
system (70UV3306, Fischer & Porter, Canada) was operated at the Clark County 
Sanitation District Advanced Wastewater Treatment Plant (AWT). The pilot system 
comes complete with a control panel, UV channels and UV lamps. The system 
consisted o f three open channel sections connected in series. Each UV channel was 7 
ft 10 in. long, 6 in. wide and, 9 in. deep. Each section was equipped with two UV 
lamp modules. Each module held two 60 inch long UV lamps oriented parallel to the 
flow o f wastewater. Thus, there were four UV lamps in each section for a total o f 
twelve UV lamps for the entire pilot system. The lamp centers were spaced at 3 in. 
apart in the channel. The lamps were enclosed in fused quartz sleeves to prevent direct 
contact with the wastewater. A plan view o f the pilot plant set up is presented in 
Figure 3-1. The channel outlet weir box was equipped with a moveable weir to adjust 
the water depth in the UV channels. Channel number three was equipped with a fiber­
optic UV intensity sensor which conveyed UV intensity readings to an analog UV
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intensity meter in the control panel. The control panel was equipped with UV intensity 
meter, elapsed time meter, main power breaker, lamp rack power switch, and T FT) 
indicator UV lamp ballasts. The system also included appropriate leveling casters and 
miscellaneous piping connections as well as a throttling valve and Fischer & Porter 
10D1465 Magnetic Flowmeter. The UV pilot system required a power source o f 110 
- 120 Vac, 60 Hz, 1 phase, 15 Amp (Fischer & Porter). The Fischer & Porter pilot 
system was operated up to a maximum flow rate o f 220 gal/min.
Filtered secondary effluent was pumped from the filter effluent channel into the 
pilot system through a 4-inch diameter inlet pipe using a 5.0-hp centrifugal pump (US 
Electric M otor Model A907A). Several pipes and valves were installed so that effluent 
could either be pumped directly to the UV pilot system for water quality sampling or 
to a mix/batch tank for bacterial seeding during dose response experiments. UV pilot 
plant facilities sizing is presented in Table 3-1. A complete pilot plant set-up is 
presented in Figure 3-2.
Sample Collection M ethods
Throughout the study, the pilot system was kept covered to limit the 
accumulation o f dirt and algal growth. During the dose-response studies, the UV 
channels were thoroughly cleaned and disinfected before and after each sampling 
event. Reactor cleaning consisted o f applying soap and wiping channel surfaces to 
remove all soil, dirt and algae accumulation. The mixftatch tank and the piping system 
were also cleaned and disinfected with commercial bleach solution (Chlorox) before 
and after each sampling event. In addition, UV lamps were cleaned with a chemical 
solution (Lime-Away) prior to each sampling event.
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Table 3-1. UV Pilot Plant Facilities Sizing
Item Value
UV influent flow rate, gpm (maximum) 220
Pipes and valves, inches
Filter Effluent 4
UV Influent 4
Overflow 4
Drain 3/4
Sample 3/4
Mix/Batch Tank, gallons
Total volume (maximum) 9000
Operating liquid volume (maximum) 8000
Filter Effluent Pumpa
Capacity (maximum), gpm 250
Total Dynamic Head, ft 30
Hp 5
UV Pilot Feed Pumpa
Capacity (maximum), gpm 250
Total Dynamic Head, ft 10
Hp 2
Flowmeter Range, gpm 25 to 250
Mixing Pump
Capacity (maximum), gpm 250
Hp 1/2
“The pilot test flow would be in the range of 50 to 250 gpm. The pump selected should be
able to cover the entire range, either by use of a variable-speed drive or by a throttling valve
on the pump discharge.
Sample collection methods consisted o f collecting filtered effluent samples for 
physical, chemical, and biological testing. Physical parameters included UV 
transmittance, turbidity, suspended solid concentrations, dissolved solid concentration, 
temperature, and conductivity. Chemical parameters included pH, total organic 
carbon, hardness, alkalinity, iron concentration, and chlorine concentration. 
Microbiological parameters consisted o f fecal coliform, total coliform, heterotrophic 
plate count, and MS-2 coliphage.
To minimize sample contamination, a sample tap was installed that had a 
continuous flow o f approximately 3 gallon per minute and an air gap at the point o f 
discharge to drain. Prior to sampling, the filter effluent pump was operated for a 
minimum of 5-minutes with unchlorinated filter effluent to flush the piping system and 
sample tap before collecting the samples. During the experiment, grab samples were 
collected at the sample tap and transported to the laboratory immediately for testing. 
Samples to be tested for physical and chemical parameters were collected in several 
one-gallon size containers, while samples to be tested for biological parameters were 
collected in sterilized 250 mL plastic bottles. All biological samples were packed in ice 
and transported to the University o f Nevada, Las Vegas Environmental Microbiology 
Laboratory within 45 minutes for analysis.
The UV pilot system at the CCSD AWT was not operated continuously. 
Instead, the system was only operated for a short time prior to and during actual dose 
response experiments. Prior to each dose-response experiment, filter prechlorination 
at the CCSD AWT was stopped and the filters operated for a time period o f 4 hours, 
equivalent to three times the filter residence time. However, these procedures were 
not always followed at times due to operational constraints at the CCSD AWT (detail 
in Chapter 4). The UV lamps were operated for a minimum of 10-minutes warm up 
period prior to sampling. For each dose-response experiment, the 5 hp pump (US 
Electric M otor model A907A) was used to fill the mix/batch tank with filtered effluent 
to a volume o f approximately 8000 gallons. The 1/2 hp circulation pump was used to 
keep the tank contents well-mixed. The 2 hp feed pump was used to pump filter 
effluent from the mix/batch tank to the UV pilot system. The purpose o f  the mix/batch
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tank was for bacterial seeding o f MS-2 coliphage, and to minimize tubulence o f  the 
flow to UV channels. Prior to the disinfection runs, a sample o f filter effluent was 
taken to determine the transmittance and the absence o f chlorine residual. The nominal 
transmittance was used to calculate the UV doses for the experiment. Equation 3-1 
was used to determine the flow rate throughout the experiment.
15820- 479507 + 618407* n , x
UVDose =  x -  (3-1)
Q 3
where
UV Dose in mWs/cm2
T = UV transmittance, measured at 254 nm
Q = flow, gpm
n = number o f lamp banks on-line
Equation 3-1 was derived from a multiple regression fit to the UC Davis dose 
model (James, 1994) based on data in the CH2M HILL Pilot Test Protocol 
(Soroushian, 1994). The allowable range for this equation was .50 < T < .75 and 50 
gpm < Q < 225 gpm. The equation was extrapolated to the range o f .75 < T < .80 in 
the case o f unusually high transmittance (> 75%) during the dose-response 
experiments. For each dose response experiment, UV doses were predetermined. It is 
therefore convenient to rearrange Equation 3-1 so that the flow rate is a function o f  the 
tranmittance and the desired dose. The flow rate can easily be adjusted using the 
throttling valve to give the desired UV dose for the experiment. Equation 3-2 is the 
rearrangement of Equation 3-1.
15820- 479507* +618407* n
Q ~ Dose  X  3
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Using Equation 3-2, once the transmittance is known, the flow can be 
calculated to give the desired dose for the system.
For typical dose-response experiments, two discrete samples were collected at 
the UV influent (filter effluent from mix/batch tank), and two discrete UV effluent 
samples were collected for every UV dose tested. During sampling, different flow 
rates were adjusted using the throttling valve to  give the desired UV doses. Weir 
height was adjusted at every flow rate to maintain the water level in the UV effluent 
channel at approximately 5.75”. UV intensity and the elapsed time were recorded for 
every sample taken so that the actual UV dose could be calculated. The time between 
collection and beginning o f analyses was 30 to 60 minutes. Laboratory analysis was 
completed within four hours o f sample collection. After the completion o f the dose 
response experiment, the UV lamps were turned off, all pumps were turned off, and 
the mix/batch tank was thoroughly drained and disinfected with bleach solution.
Laboratory Methods
The water quality o f each sample was characterized by measuring turbidity, 
conductivity, pH, temperature, chlorine residual, UV transmittance, total organic 
carbon, total dissolved solids, hardness, alkalinity, suspended solids, iron 
concentration, fecal coliform, total coliform, heterotrophic plate count, and coliphage. 
Analytical procedures are described in Appendix A o f this report.
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Determination of Hydrodynamic Condition in the UV Pilot Unit
Ultraviolet (UV) disinfection reactor must be designed to provide the optimum 
distribution o f residence time for contact between the disinfectant (UV radiation) and the 
microorganisms to be deactivated. UV dosages are computed assuming a plug-flow 
model. A tracer test was conducted on the Fischer & Porter UV pilot unit to verify 
process residence time. Tests were conducted on December 23, 1994 and January 2,
1995. Using sodium chloride as a non-reactive agent, the slug-dose method was 
employed for the hydraulic residence time distribution (RTD) study o f the UV pilot unit 
at the flow rates o f 30, 68, 90, 115, 140 and 165 gallon per minute. The salt solutions 
were prepared by diluting 106 grams o f sodium chloride with 4 liters of plant effluent.
The salt solutions were injected at the UV influent channel, and conductivity was recorded 
versus time in the UV effluent channel at a distance o f 296 inches from the injection point.
The hydraulic characteristics o f a process reactor are defined by the residence time 
distribution (RTD) o f individual particles of the liquid flowing through the reactor. There 
are several uses for the RTD curves as a tool for design and as a method to determine the 
effect o f  the hydraulics on the system’s performance. The shape o f  the RTD curve and the 
distribution o f the area under the curve describe much o f the hydraulic dispersion 
characteristics o f a given system. Several numerical characteristics will be determined to 
assess the adequacy o f the UV unit. The results o f the study are summarized in Table 3-2.
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Results in Table 3-2 derived from the residence time distribution study can be used 
to assess the adequacy o f the plug flow assumption for the Fischer & Porter UV pilot unit. 
Complete RTD curves for tracer testing are presented in Figure 3-3 to 3-8, respectively.
A. Mean Residence Time. 9
The Mean Residence Time is the mean value, or the time to the centroid of the 
distribution. Due to the nature o f the UV disinfection process where the process requires 
a very short average residence time, the unit used for 0 is second. 0 can be approximated 
by summing the areas o f discrete time intervals as shown in the sample calculation at the 
end o f this chapter. The mathematical expression for 0 is shown in Equation 3-3 below.
0  =  J=1-------------------------  (3-3)
Z c a ,
1=1
where
ti = time I
dti = length o f time interval, i 
Ci = tracer concentration at time i
The results o f the calculation o f 0 ranging from 84.59 seconds for flow rate o f 30 
GPM to 18.50 seconds for flow rate o f 165, respectively.
25
Table 3-2. Hydraulic Characteristics of the Fischer & Porter UV Pilot Unit
Flow Rate Q, GPM 30 68 90 115 140 165“
Mean Residence Time (second), 0 84.6 37.9 28.6 24.2 20.9 18.7
Theoretical Mean Residence Time (second), T 87.2 38.6 29.1 22.7 19.5 16.0
Variance, a 2 196 9.0 7.5 3.5 2.3 2.6
Ratio of Initial to Theoretical Time, tpHT .69 .76 .77 .86 .86 .92
Ratio of Peak to Theoretical Time, tJ T .95 .93 .95 1.03 1.05 1.16
Morrill Dispersion Index, tgo/tio 1.53 1.26 1.23 1.21 1.19 1.21
Ratio of Mean Residence Time to Theoretical Time, 0/T .97 .98 .98 1.07 1.07 1.17 1
Ratio of Median to Mean Residence Time, t5O/0 .99 .99 .99 .99 .99 .99
Dimensionless Variance, ere2 .027 .0063 .0092 .0060 .0053 .0074
Dispersion Number, d .013 .0031 .0045 .0029 .0026 .0037
B. Theoretical Mean Residence Time. T
The Theoretical Mean Residence Time is defined as the ratio o f the liquid volume 
o f the UV reactor Vv to the flow rate, Q. The liquid volume is calculated by subtracting 
the lamp volume from the reactor volume. The reactor volume is calculated by 
multiplying the cross sectional area of the channel (constant at 6”*6”) by a length o f 296 
inches (the distance from the tracer injection point to the sampling point). The resulting 
reactor volume is 10,656 cubic inches.
The length and the diameter o f the lamp were measured to be 60 inches and .96 
inch, respectively. The volume o f each lamp equals to the lamp cross sectional area 
multiplied by the lamp length which equals to 43.4 cubic inches. There are 12 lamps in the 
UV reactor, therefore the total lamp volume equals 12 x 43.4 = 521 cubic inches.
Available liquid volume then is 10656 - 521 = 10135 cubic inches, or 43.9 gallons.
The Theoretical Mean Residence Time, T is defined as the ratio o f  the liquid 
volume o f the UV reactor Vv to the flow rate, Q. Vv remains constant at 43.9 gallons, and 
T can be calculated by substituting the desired flow rate Q in Equation 3-4 below.
where Vv = Liquid volume, gallon
Q = Flow rate, gallon per minute
The results o f the Theoretical Mean Residence Time, T, calculation are 
summarized in Table 3-2. T ranged from 87.2 seconds for the flow rate o f 30 GPM 
tol5.85 seconds for the flow rate of 165 GPM, respectively. It is noted that at the same 
flow rate, calculated values o f T were approximately equal to measured values o f 0O
C. Variance, a 2
The variance is another commonly used numerical description characteristic o f the 
RTD curve. It is defined as the second moment o f the curve about its mean. Since it 
represents a continuous distribution, it may be measured by calculating the variance a 2 o f 
the distribution about its mean. The variance o f the RTD is important in describing the 
dispersive characteristics, or the amount o f axial mixing o f the UV system. Variance of 
the RTD curve is calculated from a finite number o f measurements i at equal time intervals 
using equation 3-5 shown below.
t  tfQdt
a 2= ^ -------- ‘- e 2 (3-5)
Z Cdt,
1 = 1
where
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ti = time i
dt; = length o f  time interval, i 
Cj = concentration of tracer at time i 
0 = mean residence time
D. The Ratio t«/T
The ratio tf/T is a measurement o f the most extreme short-circuiting where tf is the 
time at which the tracer first appears, and T is the theoretical mean residence time. In an 
ideal plug flow reactor, the ratio t/T  is one, and approaches zero with increased mixing. 
Results o f tf/T ranged from 0.69 to 0.92 for the respective flow rates, indicating a decrease 
in relative mixing as the flow rate increased. Observed ratios tf/T for all flow rates were 
greater than 0.5, the EPA criterion value for short circuiting (EPA, 1986), suggesting that 
short circuiting was not significant in the Fischer & Porter pilot system.
E. The Ratio t / T.
The ratio tp/T is defined as the time at which the peak concentration occurs to the 
theoretical mean residence time. tp/T measures the average degree o f short-circuiting. It 
provides an estimate o f the effective volume o f the reactor. This ratio will approach one 
in a plug flow reactor, and zero with increased axial mixing. Results o f the tracer test 
show that ratios tp/T were approximately one for all flow rates, indicating near plug-flow 
conditions.
F. The Ratio tgn/tin
The ratio o f the time for 90% of the tracer to pass to the time for 10% o f the 
tracer to pass is known as the Morrill Dispersion Index (US EPA, 1986). It is a measure 
o f  the spread o f the RTD curve. The results o f the tracer test show the Morrill Dispersion 
Index ranging from 1.12 to 1.55 for the respective flow rates. A Morrill Dispersion Index
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o f 1.0 would indicate an ideal plug flow reactor. A value o f less than 2.0 is often
recommended for effective design o f disinfection reactors (US EPA, 1986).
In UV disinfection systems, a reactor with appoximate plug-flow characteristics is 
desired. As the degree o f  axial mixing increases within the reactor, significant portion of 
microorganisms pass through the reactor in a time less than the mean residence time 
resulting in short-circuiting o f the system. To ensure adequate inactivation, it is therefore 
advantageous to reduce the degree o f axial mixing. The dispersion model described by 
Levenspiel (1962) is used to characterize the degree o f axial mixing o f the reactor.
Several numerical expressions developed by Levenspiel (1962) can be used to determine 
the dispersion number for various systems. Equation 3-6 describes the dispersion number, 
d, in terms of the mean and the variance of the RTD for an open vessel with potential 
significant degrees o f axial dispersion.
where
a \  = the normalized or dimensionless variance o f the residence time distribution
£
—  = dispersion number, d 
uX
flow rate. For the Fischer & Porter UV pilot unit, the range of calculated dispersion 
numbers was .013 to .0037 at flow rates from 30 to 165 gal/min.
The results o f the tracer test indicated that the dispersion conditions within the UV 
pilot unit were low enough to warrant the use o f the theoretical mean residence time to 
approximate actual mean residence time. Also, low dispersion numbers and values o f  tp/T
(3-6)
Dispersion numbers were calculated using the measured a 1 and 0 for each tested
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near 1 indicate that plug-flow conditions existed in the pilot unit. Complete data from the 
tracer study are presented in Appendix B o f this report.
Figure 3-3. Hydraulic Residence Time Distribution 
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Figure 3-4. Hydraulic Residence Time Distribution 
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Figure 3-5. Hydraulic Residence Time Distribution 
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Figure 3-6. Hydraulic Residence Time Distribution 
Flow Rate 115 GPM
5.0
4.5 •
4.0
3.0
*  2.5 -
■3 2.0
O  1.5
0.5
0.0
Time, second
32
Figure 3-7. Hydraulic Residence Time Distribution 
Flow Rate 140 GPM
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Figure 3-8. Hydraulic Residence Time Distribution 
Flow Rate 165 GPM
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CH APTER 4 
EXPERIM EN TA L PR O G R A M  
The experimental program for the study was based on the CH2M HILL Pilot Test 
Protocol (Appendix C) with some modifications. The 1994 9-month experimental study 
investigated the impacts o f  variability in water quality on UV disinfection. The primary 
objectives of the study were: (1) to assess the feasibility o f UV disinfection in meeting the 
most stringent discharge and reuse criterion, (2) to develop dose response relationships, 
and (3) to identify operations and maintenance requirements. The 1994 experiment was 
divided into four phases during the nine month study as discussed below.
Phase I  Sampling Protocol 
Phase I was divided into two parts, Phase la  and lb. UV influent was monitored 
for the physical, chemical, and biological parameters described in Chapter 3. The main 
objectives o f Phase la  and lb were (1) establish impact o f  filter prechlorination on filter 
effluent quality, (2) establish impact of filter run time, (3) establish diurnal variation of 
filter effluent, and (4) develop baseline filter effluent. The duration o f Phase I was one 
month. The UV influent samples were collected from the sample point on the discharge 
pipe o f the filter effluent pump as shown in Figure 3-2.
The impact o f filter prechlorination on the indigenous microorganisms and filter 
effluent quality was determined by collecting and analyzing the unchlorinated filter 
effluent. For two days during Phase I, two sets o f filter effluent samples were collected
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during each sampling event. The first set o f samples was collected with filter 
prechlorination in operation. After collecting the first set o f  samples, the second set o f 
samples were collected after the operation staff at the CCSD AWT was notified to 
discontinue filter prechlorination for a time period equivalent to three times the filter 
residence time. The filter effluent was monitored to ensure the absence o f chlorine 
residual. The samples were analyzed for the water quality parameters described in 
Chapter 3.
The impact o f filter run time was determined by operating the filters at 30-hour 
and 60-hour run times for two weeks during Phase I. During the first week, the filters 
were operated at a 60-hour run time. During the second week, the filters were operated at 
a 30-hour run time. On the last day of the second week, the filters were reset to  a normal 
run time. Samples were collected and analyzed for the water quality parameters described 
in Chapter 3, and Appendix A.
Diurnal variations o f filter effluent were determined by sampling water intensively 
during one day o f each o f the first two weeks o f the study. Prior to sample collection, 
operation staff at CCSD AWT was instructed to discontinue all filter prechlorination 
approximately 4 hours before sampling. Samples were collected every 4 hours, starting at 
6:00 a.m. for a total o f  six samples. Samples were analyzed for the water quality 
parameters described in Chapter 3.
Sampling conducted during the second two weeks o f the study (Phase lb) was 
combined with Phase la  data to establish the base line filter effluent quality, and the 
background concentration o f the indigenous microorganisms. Sample collection
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frequency, and seeding requirements for MS-2 coliphage for the subsequent phases o f  the 
pilot study were based on the filter effluent quality, and background concentration, 
obtained during Phase I.
Phase I I  Sam pling and Experim ental Protocols 
The primary objectives o f Phase II were to investigate the effectiveness o f UV 
disinfection and develop the UV dose response relationships. Phase II was completed in 
one month. Because the UV doses required for achieving the 30-day geometric mean 
fecal coliform limits o f 200 and 2.2 MPN/lOOmL were anticipated to be significantly 
different, separate low and high UV dose response experiments were conducted for each 
disinfection limit. All filter prechlorination was discontinued for approximately 4 hours 
prior to sampling. Filter effluent was monitored to assure absence o f chlorine residual 
prior to collection o f water samples. The unchlorinated filtered effluent were pumped to 
the mix/batch tank, located upstream of the UV pilot unit (Figure 3-2). When the 
mixftatch tank was approximately half full (4500 gallons), the circulation pump was 
turned on to ensure adequate mixing.
A. MS-2 Protocol
For the more stringent reuse limit (2.2 MPN/lOOmL), the mix/batch tank was 
seeded with MS-2 coliphage. When the mix/batch tank was approximately half-full (4500 
gallons), MS-2 coliphage was seeded to achieve a coliphage concentration o f about lx l  07 
per 100 mL. The seed virus was thoroughly mixed with the contents in the mix/batch tank 
by using a recirculation pump for 20 minutes prior to the experiment, and continue the 
recirculation during the experiment. Seeding o f MS-2 coliphage was not required for the
less stringent discharge limit (200 MPN/100 ml). A practice run with seeding o f  MS-2 
coliphage was also conducted. The UV target dose range was established based on the 
results o f the practice run and on the results o f separate collimated beam studies 
conducted by Fischer & Porter.
B. Dose-Response Protocol
Four dose response experiments were conducted for each fecal coliform limit. A 
range o f four different UV doses was evaluated for each o f the four dose-response 
experiments. For the low dose range, the target doses were 20, 30, 40, and 50 mWs/cm2. 
For the high dose range, the established target doses were 60, 75, 90, and 110 mWs/cm2, 
respectively. Prior to each disinfection experiment, the UV lamps were turned on for 
approximately 30 minutes. The lamps were then allowed to warm up for 25 minutes 
submerged under water before sampling. For each target dose, the pilot unit was operated 
until a steady state was reached, after which UV influent and effluent samples were 
collected. Three UV  influent samples were collected for each experiment; one at the 
beginning, one in the middle, and one at the end o f the experiment. Two discrete UV 
effluent samples were collected for each target dose. The UV influent samples were 
collected from the inlet o f  the UV channel. The UV effluent samples were collected 2 feet 
downstream o f the last lamp section in the outlet section o f the UV channel. During the 
experiment, different UV doses were achieved by adjusting the flow rate and the number 
o f UV banks in operation. The disinfection experiment started with the highest dose 
(lowest flow rate and largest number of lamp banks on-line) and proceeded in the 
decreasing dose order. For example, for the low dose experiment with target doses o f 20,
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30, 40, and 50 mWs/cm2, the experiment will start with 50 mWs/cm2, then proceed with 
the dose o f 40, 30 and finishing at 20. To minimize the impact o f sunlight on disinfection 
process, the experiments were conducted in early morning, and collected samples were 
immediately placed in an ice chest. Samples collected for water quality parameters were 
analyzed for the physical and chemical characteristics as described in Chapter 3. For the 
low dose response experiment, only fecal and total coliform were analyzed. For the high 
dose response experiment, fecal and total coliforms were analyzed with the addition of 
MS-2 coliphage and heterotrophic plate counts.
After each experiment, the pilot unit was turned off, cleaned, disinfected, and 
dried. The lamps were also cleaned after and before each experiment to minimize effects 
o f  lamp fouling on delivered UV  dose. Cleaning o f the pilot unit included draining the 
mix/batch tank o f its contents. The mix/batch was then filled with filtered effluent to 
about one-third full and bleach solution added to achieve a chlorine residual o f  about 10 
mg/L. The bleached solution was circulated through the pilot unit components to disinfect 
the system. The contents o f the mix/batch tank were then drained as much as possible. 
Prior to the next dose-response experiment, the mix/batch and the UV unit components 
were flushed several times with unchlorinated filter effluent to ensure that no chlorine 
residual remained in the system.
Phase I I I  Sam pling Protocols 
The primary objectives o f Phase m  were to assess the operation and maintenance 
requirements. Operation and maintenance requirements consisted o f determining the 
frequency o f UV lamp cleaning under normal operating conditions. During Phase HI, the
pilot unit was operated continuously at the required dose for fifteen weeks. The required 
dose o f 60 mWs/cm2 was based on the results o f Phase I  and n. The lamps were not to be 
cleaned unless consecutive results o f the fecal coliform from the U V effluent samples 
exceeded the 2.2 MPN/100 mL limit. The flow rate was adjusted so that the target UV 
dose was achieved with two banks on-line.. The second and the third bank were kept on­
line while the first bank was kept off-line. The purpose o f keeping third bank off-line was 
to determine the bio-fouling potential o f the off-line bank. During this phase, filtered 
effluent was pumped directly to the pilot unit bypassing the m ix^atch tank. Sample 
collection locations were similar to Phase II.
Prior to sample collection, filter prechlorination was stopped for approximately 4 
hours to allow flushing o f chlorinated effluent through the filters. This procedure was not 
followed at times due to constraints imposed by treatment operations at CCSD AWT. 
Filtered effluent was monitored to assure absence o f chlorine residual before sampling. 
During the sampling, UV intensity was monitored by the radiometer/detector/filter/input 
optic setup. The drop in UV intensity with the consecutive coliform levels in UV  effluent 
samples exceeding critical limits would trigger lamp cleaning. Samples were taken on 
Monday, Wednesday, and Friday o f  each week o f Phase IH. On Monday and Friday, two 
discrete UV effluent samples were taken and analyzed for fecal coliform. On Wednesday, 
one UV influent sample and two discrete UV effluent samples were taken and analyzed for 
fecal and total coliform. In addition to biological analysis, samples were taken and 
analyzed for the physical and chemical characteristics as described in Chapter 3.
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Phase IV Sampling and Experimental Protocols
In April 1995, CCSD decided to use ferric chloride instead o f lime as coagulant for 
nutrient removal at the AWT. It was anticipated that the switch to ferric chloride could 
alter the water quality characteristics o f CCSD AWT. Higher dissolved iron levels were 
projected to occur, and there was concern that higher dissolved iron levels would reduce 
UV transmittance, and thereby reduce UV dosages delivered to the wastewater at any 
given flow rate. The dose response experiments during Phase II were conducted with lime 
treated wastewater. Therefore, they were not valid for determining UV  disinfection 
efficiency with ferric chloride treated effluent.
In May 1995, CCSD funded further study o f the UV disinfection on the ferric 
treated effluent at the AWT. Phase IV was proposed and approved by CCSD to begin in 
May 1995.
Phase IV  was further divided into Phase IVa, IVb, and IVc. The main objectives 
o f  Phase IV were to collect the detail background data on the ferric treated effluent, 
establish UV dose response, and operation and maintenance requirements.
During Phase IVa, samples were collected and analyzed daily for seven weeks. 
Measured water quality parameters were similar to those o f Phase lb with the exception of 
biological parameters, which were not collected during Phase IVa. Because high iron 
concentrations in the filter effluent could adversely impact disinfection performance, 
samples were analyzed for total and dissolved iron concentration. Sample collection 
methods and laboratory methods were similar to the procedure described in Phase lb.
The objective o f  Phase IVb was to develop a relationship between UV dose and 
the inactivation o f bacteria in iron treated effluent. A  screening dose-response experiment 
was conducted at UV doses o f 20, 45, 70, 95, 120, and 150 mWs/cm2. Based on the 
results o f the screening run, four dose-response runs were conducted during August and 
September 1995. Experiments were conducted using indigenous microorganisms.
Seeding o f coliphage was conducted during one experiment to confirm the disinfection 
results. Prior to the dose-response experiment, filter prechlorination was stopped for 
approximately 3 hours. The water quality monitoring requirements and the procedures 
were similar to those described in Phase II.
The objective o f Phase IVc was to determine the frequency o f UV lamp cleaning 
under normal operating conditions. During Phase IVc, the pilot unit was to be operated 
continuously at the required dose for twelve weeks. The lamps were not cleaned unless 
consecutive results o f the fecal coliform from the UV effluent samples exceeded the 
acceptable limits. The flow rate was adjusted so that the target UV dose was achieved 
with two banks on-line. The second and third bank were kept on-line while the first bank 
was kept off-line. During the sampling, UV intensity was monitored by the 
radiometer/detector/filter/input optic setup. A drop in UV intensity combined with 
consecutive coliform levels in UV effluent samples exceeding critical limits would trigger 
lamp cleaning. Water quality samples were taken on Monday and Wednesday o f each 
week o f Phase IVc. On Wednesday, two discrete UV influent and four discrete UV 
effluent samples were taken and analyzed for fecal and total coliform. Two discrete UV 
effluent samples were collected at UV dose o f 20 mWs/cm2, and two samples at a UV
dose o f 60 mWs/cm2. On Wednesday’s sampling, filter prechlorination was discontinued 
for approximately three hours prior to sampling. Prior to sampling, filter effluent was 
monitored to assure the absence o f  chlorine residual. During Monday sampling events, 
samples were collected for w ater quality monitoring only. W ater quality parameters 
measured in Phase IVc were similar to those described in Phase m .
CHAPTER 5 
RESULTS
At the time o f this writing, all phases o f the CCSD UV disinfection study have 
been completed with the exception o f Phase IVc. Phase IVc is ongoing with eight weeks 
remaining, and is scheduled to complete in mid-December. Results o f Phase I, II, III and 
part o f Phase IV  are presented in this thesis.
Phase I Results
Filtered effluent water quality data collected during Phase la  are summarized in 
Table 5-1, and relevant data are plotted and presented in Figure 5-1. Table 5-1 presents 
the minimum, maximum, and average for the water quality parameters monitored.
During the first week o f Phase la, the filter run time was set at 60 hours. During 
the second week, the filter run time was planned to be set at 30 hours. This condition was 
not met during the second week as excessive algae growth in filters resulted in clogging o f 
the filters, and declining effluent quality. As the result, filter run time during the second 
week was reduced to less than the target run time o f 30 hours. In addition, filter 
prechlorination remained on, thus significantly reducing indigenous bacterial counts in the 
filter effluent.
Figure 5-1 shows variations in turbidity, transmittance, and suspended solid 
concentrations. Results indicate a possible correlation between turbidity and suspended 
solid concentrations. The maximum turbidity (13.03) occurred on the sample with the
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Figure 5-1. Water Quality Monitoring Data - Phase la
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Figure 5-2. Correlations of Water Quality Data - Phase la
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highest suspended solid concentrations (9.2 mg/L). In addition, possible inverse 
relationships between turbidity, or suspended solid concentrations, and U V  transmittance 
are apparent. The lowest U V transmittance (35.58 %) occurred on the sample with the 
highest turbidity (13.03 NTU) and suspended solids concentrations (9.2 mg/L). Figure 5- 
2 shows observed correlations between UV transmittance, turbidity, and total suspended 
solid concentrations.
To establish a diurnal pattern during Phase la, samples were collected every four 
hours for 24-hour period during each week. The results o f the diurnal samplings are 
presented in Table 5-2. Table 5-2 also shows the indigenous microorganism (fecal and 
total coliform) concentrations for some of the unchlorinated samples collected during 
Phase la  that approached the upper detection limit o f 240,000 MPN/100 mL. The 
concentrations o f fecal and total coliform in the filter prechlorinated sample at 10:00 A.M. 
on July 19 were the lowest at 49 and 110 MPN/100 mL, respectively.
Since the diurnal variations detected in Phase la  were small compared to variations 
between days, sampling during Phase lb was not restricted to a designated time o f the day. 
Results o f  Phase lb are summarized in Table 5-3, and relevant data are plotted and 
presented in Figure 5-3. Possible correlations similar to those observed in Phase la  were 
not apparent, as indicated by Figure 5-4. However, high turbidity (3.24 NTU) again 
occurred on the sample with the highest suspended solid concentration (9 mg/L). Lowest 
UV transmittance (39.45 %) occurred on the sample with the highest suspended solid 
concentrations and turbidity.
Analysis o f the data in Table 5-3 and 5-4 indicates the following:
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♦ The average UV transmittance was 63.5 %.
♦ Turbidity ranged from 1.38 to 5, and average at 2.42 NTU; and total 
suspended solid ranged from 0.4 to 13, and average at 5 mg/L. The high peaks 
in turbidity and total suspended solid were due to a major storm event 
occurred prior to sampling.
♦ Iron concentrations averaged at 0.09 mg/L.
♦ Total and fecal coliform concentrations were as low as 22 and 5 MPN/100 mL. 
These low levels may be due to filter prechlorination.
♦ UPC and coliphage averaged at 1990000 CFU and 443 PFU/mL, respectively.
♦ The average temperature was 24.8° C, and the average pH was about 7.32.
The average hardness was about 456 mg/L as C aC 03, and alkalinity averaged 
at 45.5 mg/L as CaC03.
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Table 5-2. Diurnal Water Quality Monitoring - Phase la
Parameter
July 14-15
6:00 AM 10:00 AM 2:00 PM 6:00 PM 10:00 PM 2:00 AM
UV Transmittance, % 58.09 60.27 62.54 62.21 61.33 53.09
Turbidity, NTU 4.06 4 3.44 3.44 3.8 5.7
Suspended Solids, mg/L 2.4 2.4 3.6 2 2 7.2
Iron, mg/L 0.23 0.23 0.15 0.15 0.15 0.22
Conductivity, millimhos/cm 2 2 1.95 2.16 2.1 2.1
pH 7.09 6.83 7.12 7.19 7.14 7.79
Temperature, Celsius 26.4 26.3 26.6 27.1 27 26.5
Fecal Coliform, MPN/100 mL 2400000 2400000 92000 92000 240000 240000
Total Coliform, MPN/lOOmL 430 240000 92000 92000 92000 240000
Parameter
July 19-20
10:00 AM 2:00 PM 6:00 PM 10:00 PM 2:00 AM 6:00 AM
UV Transmittance, % 43.42 41.76 47.62 43.54 45.77 45.22
Turbidity, NTU 7.44 7.43 5.17 5.8 6.32 7.07
Suspended Solids, mg/L 6.4 5.6 7.2 7.2 7.2 7.2
Iron, mg/L 0.3 0.4 0.15 0.2 0.2 0.18
Conductivity, millimhos/cm 2.03 2.06 2.11 2.12 2.09 1.89
pH 7.42 7.34 7.6 7.56 7.35 7.68
Temperature, Celsius 26.3 27 27.7 27.7 28.9 22
Fecal Coliform, MPN/100 mL 49 240000 240000 240000 160000 240000
Total Coliform, MPN/lOOmL 110 240000 240000 240000 240000 240000
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Table 5-3. Water Quality Monitoring - Phase lb
Parameter Minimum Maximum Average
Number of 
Samples
Standard
Deviation
UV Transmittance, % 39.5 71.9 63.5 24 8.55
Turbidity, NTU 1.38 5 2.42 24 0.94
Suspended Solids, mg/L 0.4 13 5 12 4.22
Total Dissolved Solids, mg/L 873 903 888 2 21.21
Iron, mg/L 0.09 0.09 0.09 5 0.09
Conductivity, millimhos/cm 1.07 2.54 1.6 24 0.42
Hardness as CaC03, mg/L 448 464 456 2 11.31
Alkalinity as CaC03, mg/L 43 48 45.5 2 3.54
Total Organic Carbon, mg/L 10.8 13 12.2 2 2.02
pH 6.82 9.7 7.32 24 0.58
Temperature, Celsius 21 29.2 24.8 24 2.61
Fecal Coliform, MPN/100 mL 5 7900 1069 12 2521
Total Coliform, MPN/lOOmL 22 17000 2425 12 5298
HPC, CFU/mL 115000 7200000 1990000 12 2203467
Coliphage, PFU/mL 70 1600 433 12 438
Table 5-4. Summary of Micro-organism Populations in UV Influent - Phase I
Date
Filter
Prechlorination
Status
(ON/OFF)
Total 
Coliform 
MPN/100 mL
Fecal 
Coliform 
MPN/100 mL
HPC
CFU/mL
Coliphage
PFU/mL
7/12/94 ON 1065 210
7/14/94 OFF 150738 190667
7/16/94 ON 11039 80245
7/19/94 OFF 200018 186675
7/21/94 ON 705 132
7/23/94 ON 175 59
7/25/95 ON 200 13 722500 225
7/28/94 ON 5350 2415 4180000 355
7/30/94 ON 56 8 1310000 726
8/2/94 ON 861 3952 3295000 940
8/4/94 ON 280 13 1230000 230
8/6/94 ON 150 15 712500 120
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Figure S-3. Water Quality Monitoring Data - Phase lb
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Phase I I  Results
The water characteristics tested during Phase II are summarized in Table 5-5, and 
relevant data are plotted in Figure 5-5. The average quality o f the filter effluent in Phase 
II was somewhat better than Phase lb with respect to total suspended solids, but was 
much lower with respect to turbidity and UV transmittance. Possible correlation between 
UV transmittance, turbidity and total suspended solids were extremely low as shown in 
Figure 5-6. Several heavy storm events during Phase II may have caused the overall 
average water quality to deteriorate.
Phase II was intended to be conducted in the absence o f filter prechlorination. But 
this condition was not met during the weeks o f August 22 and September 5. During the 
week o f August 22, filter prechlorination could not be stopped because a major storm 
event occurred, causing wastewater quality at CCSD AWT to deteriorate. Filter 
prechlorination was unintentionally left on during the week o f September 5. As a direct 
result from filter prechlorination, fecal and total coliform concentrations for the dose 
response experiments conducted on August 23, September 6, and September 8 were lower 
than the concentrations determined on for other dates.
Microbiological densities in the UV influent during Phase II are summarized in 
Table 5-6.
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Table 5-5. W ater Q uality M onitoring - Phase I I
Parameter Minimum Maximum Average
Number of 
Samples
Standard
Deviation
UV Transmittance, % 60.7 65.7 62.8 24 1.57
Turbidity, NTU 1.8 3.5 2.6 24 0.52
Suspended Solids, mg/L 0.4 1.8 0.9 8 0.41
Total Dissolved Solids, mg/L 818 1218 1053 8 171.48
Iron, mg/L 0.09 0.1 0.09 8 0.0035
Conductivity, millimhos/cm 1.835 1.928 1.891 24 0.026
Hardness as CaC03, mg/L 432 460 448 8 3
Alkalinity as CaC03, mg/L 33.705 49.183 40.33 8 5.79
Total Organic Carbon, mg/L 11.19 13.01 12.26 8 0.67
pH 7.02 8 7.56 24 0.35
Temperature, Celsius 21.3 27.2 25.6 24 1.45
Fecal Coliform, MPN/100 mL 11 350000 48289 24 88175
Total Coliform, MPN/lOOmL 130 240000 79853 24 88075
Heterotrophic Plate Count, CFU/mL 640000 6150000 3017857 7 2407872
Coliphage, PFU/mL 43000 565000 250000 11 135081
Table 5-6. Sum m ary of M icro-organism  Populations in UV Influent -
Phase I I
Date
Filter
Prechlorination
Status
(ON/OFF)
Total 
Coliform 
MPN/100 mL
Fecal 
Coliform 
MPN/100 mL
HPC
CFU/mL
Coliphage
PFU/mL
8/16/94 OFF 150000 165000 3900000 168000
8/18/94 OFF 171000 92000
8/23/94 ON 143 26 660000 356000
8/25/94 ON 102000 10000
8/30/94 OFF 180000 78000 5500000 264000
9/1/94 OFF 131000 9000
9/6/94 ON 400 20 960000 184000
9/8/94 ON 6600 2100
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Table 5-7 presents the high U V  dose-response data conducted on August 16, 
August 23, August 30, and September 6. During the high dose response experiments, the 
UV doses were tested at 60, 75, 90, and 110 mWs/cm2. Figure 5-7 to 5-10 presents the 
relationship between o f fecal coliform, total coliform, HPC, coliphage densities and UV 
dose. On days when filter prechlorination was off and UV influent microorganism 
concentrations were high, near the detection limits (240,000), the performance o f UV 
disinfection could be evaluated with high degree o f confidence. At UV  dose o f 60 
mWs/cm2, the fecal and total coliform concentrations were consistently less than 100 
MPN/100 mL for all test runs. Total coliform counts o f 2.2 MPN/100 mL or less were 
consistently achieved at a UV dose o f 75 mWs/cm2.
Log reductions for fecal, total coliform, HPC, and coliphage are plotted as a 
function o f UV dose in Figures 5-11 to 5-14. It is noted that on August 6, and August 23, 
filter prechlorination was left on throughout the experiments. Influent fecal and total 
coliform concentrations were not high enough to allow for detection o f  the dose required 
for 4-log reduction as shown in Figure 5-11 and 5-12, even though the dose-response 
indicated consistent fecal and total coliform concentrations were consistently less than 2.2 
MPN/100 mL in the effluent (Figure 5-7, 5-8). When the initial microbiological 
concentrations were high, 4-log reductions or greater were achieved at a U V  dose o f 60 
mWs/cm2.
Seedings o f MS-2 coliphage were conducted during the high dose response 
experiments. Effluent concentrations and log reductions o f MS-2 coliphage are plotted as 
a function o f UV doses in Figure 5-10 and 5-14. The HPC concentrations and log 
reductions at the various UV doses are presented in Figure 5-9 and 5-13. The MS-2
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reductions at the various UV doses are presented in Figure 5-9 and 5-13. The MS-2 
coliphage test results indicate a 3-log reduction was achieved at a UV dose o f  60 
mWs/cm2, and 4-log reductions were achieved at the UV dose in the range o f  90 to 100 
mWs/cm2. The HPC test results indicate greater than 4-log reduction were achieved at all 
tested UV doses.
Table 5-8 presents the low-range dose-response data conducted on August 18, 
August 25, September 1, and September 8. During the low-range dose response 
experiments, wastewater was tested at doses o f 20, 30, 40, and 50 mWs/cm2. Figure 5-15 
and 5-16 present fecal and total coliform concentrations versus UV doses. At the 
minimum test dose o f  20 mWs/cm2, fecal and total concentrations in the UV effluent were 
below 100 MPN/100 mL. At the maximum UV dose o f 50 mWs/cm2, 2.2 MPN/100 mL 
total coliform concentration was not routinely achieved.
Although the most stringent discharge criterion was not achieved in the low-range 
dose-response experiments, 4-log reductions o f coliform concentration were achieved at a 
U V dose o f 40 mWs/cm2 on the days when filter prechlorination was off, and initial 
coliform concentrations were high enough to allow resolution o f 4-log reductions at 
higher UV doses.
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Fecal Coliform Levels Vs. High UV Dose - Phase II
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Figure 5-7. Fecal Coliform High Dose Response - Phase II
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Figure 5-8. Total Coliform High UV Dose Response - Phase II
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Figure 5-9. HPC High UV Dose Response - Phase II
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Effluent Coliphage Levels Vs. High UV Dose - Phase II
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Figure 5-10. Coliphage High UV Dose Response - Phase II
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Effluent Fecal Coliform Removal Vs. High UV Dose
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Figure 5-12. Effluent Total Coliform Removal - Phase H
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Fecal Coliform Levels Vs. Low UV Dose - Phase II
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Figure 5-15. Fecal Coliform Low Dose Response - Phase II
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Figure 5-18. Effluent Total Coliform Removal - Phase II
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Phase III Water Quality Results
The water quality data collected during Phase III are summarized in Table 5-9. 
The time series plots o f turbidity, UV transmittance, and total suspended solid 
concentrations are presented in Figure 5-19. Correlations similar to those observed in 
Phase la were not generally apparent. However, high correlation (r2 = .87) between UV 
transmittance and turbidity was observed in Figure 5-20.
Table 5-9. Water Quality Monitoring - Phase III
Parameter Minimum Maximum Average
Number of 
Samples
Standard
Deviation
UV Transmittance, % 52.42 73.6 64.75 43 5.37
Turbidity, NTU 1.31 5.93 3.2 43 1.23
Suspended Solids, mg/L 0.4 5.2 2.44 43 1.07
Total Dissolved Solids, mg/L 727 1291 1086 15 185.64
Iron, mg/L 0 0.26 0.1 43 0.06
Conductivity, millimhos/cm 1.77 2.12 1.97 43 0.08
Hardness as CaC03, mg/L 452 500 478 15 15.41
Alkalinity as CaC03, mg/L 34 51.8 49.9 15 4.69
Total Organic Carbon, mg/L 8.5 16.7 11.6 15 2.21
pH 6.8 8.33 7.43 43 0.36
Temperature, Celsius 17.5 26.4 21.1 43 2.38
Influent Fecal Coliform, MPN/100 mL 1.8 33000 7311 14 12739
Influent Total Coliform, MPN/100 mL 20 79000 15918 14 29015
Effluent Fecal Coliform, MPN/100 mL 1.8 13 2 64 1.4
Effluent Total Coliform, MPN/100 mL 1.8 13 2 64 1.45
Setting Phase III UV Dose
The UV transmittance and UV dosage data collected during Phase I and II were 
analyzed to estimate the required UV dose for Phase III. Statistical analysis o f the UV 
transmittance data collected during Phase I and II shows a 42 % UV transmittance occur
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5 % of the time (Figure 5-21). Statistical analysis o f UV dose-response data with filter 
prechlorination off during Phase II indicate a UV dose o f 65 mWs/cm2 was needed to have 
a 95 % confidence o f sufficient UV dose to achieve both < 2 MPN/100 mL fecal coliform 
total coliform. For a 67 % confidence level o f achieving < 2 MPN/100 mL o f fecal and 
total coliform, a UV dose o f 57 mWs/cm2 was required.
Substituting 42 % UV transmittance and UV dose o f 65 mWs/cm2 into Equation 
3-2 with two UV banks on-line, a flow rate o f 68 gpm was established and set for the 
duration o f Phase III. Table 5-10 shows the results o f the statistical analysis o f UV dose.
Table 5-10. Disinfection Efficiency D ata Review - Phase II
Date
UV Dose for Achieving 
< 2 Fecal Coliform/100 mL
UV Dose for Achieving 
< 2 Total Coliform/lOOmL
8/9/94 29 46
8/18/94 40 50
8/25/94 30 50
9/1/94 60 60
Mean 39.8 51.5
Standard Deviation 12.5 5.2
2 x Standard Deviation 24.9 10.3
Mean + Standard Deviation 52.3 56.7
Mean + 2 x Standard Deviation 64.7 61.8
During Phase III, the flow rate to the pilot unit was set at 68 gpm with two UV 
banks kept on-line. UV transmittance ranged from the minimum of 52.4 to a maximum of 
73.6 percent, After passing through two active UV banks, UV effluent received 
cumulative dose ranging from 68 to 124 mWs/cm2 (assuming a lamp aging factor o f .9). 
After passing through one active UV bank, UV effluent received cumulative dose ranging 
from 34 to 62 mWs/cm2.
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Phase III was conducted under normal filtration operating conditions. Filter 
prechlorination remained on through Phase III. It is preferable to have filter 
prechlorination turned off prior to sampling. When filter prechlorination is off, higher 
initial concentrations o f microbial densities can be achieved, and UV disinfection 
performance can be more accurately evaluated.
Phase III  M icrobiological Results
Average initial concentrations of fecal and total coliforms during Phase III were 
7311 and 1598 MPN/100 mL, respectively (Table 5-9). With the low initial coliform 
concentrations, microbiogical densities in the UV effluent never exceeded 2.2 MPN/100 
mL. Samples collected on November 11 and November 21 (Figure 5-22, 5-23) showed 
effluent concentrations o f fecal and total coliform exceeding the 2.2 MPN/100 mL limit. 
This occurred because the samples were collected after one UV banks, and received half 
the dose if collected after two banks.
Lamp cleaning frequency could not be established based solely on UV disinfection 
performance during Phase III. It might also have been possible to determine the lamp 
cleaning frequency based on intensity o f the UV lamps as a radiometer/detector/filter/input 
optic sensor was available to measure UV intensity in the UV channel. When UV intensity 
decreases and the critical process parameters (effluent fecal and total coliform) exceeded 
the acceptable limits, the lamps would have to be cleaned. However, there was no 
apparent decreasing trend in UV intensity during Phase III (Figure 5-24), and as stated 
earlier, the effluent fecal and total coliform concentrations did not exceed the acceptable 
limits. Figure 5-22 and 5-23 show the variations in fecal and total coliform concentrations
75
in relation to the number o f  days after lamp cleaning. Figure 5-24 shows the variations in 
the UV  intensity versus number o f  days after lamp cleaning.
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Phase IV Results
Phase IV was conducted with ferric chloride treated filter effluent. AWT floe 
basin effluent quality changed due to the switch from lime to ferric chloride at CCSD 
AWT. Lime effluent data gathered during Phase I, II and in were no longer valid for 
predesign o f a UV pilot system using ferric treated effluent. The scopes o f Phase IV 
included collecting background water quality, conducting dose-response experiments, and 
determining lamp cleaning frequency. Phase IV was essentially a repeat study o f Phase I, 
II, and III. To cover all the scopes described above, Phase IV was further divided into 
Phase IVa, IVb, and IVc, which corresponded to Phase I, U and III, respectively.
Filter effluent water quality data gathered during Phase IVa are summarized in 
Table 5-11. Figure 5-25 shows the time series plots o f turbidity, UV transmittance, and 
total suspended solid concentrations data collected during Phase IVa.
Table 5-11. Water Quality Monitoring Summary - Phase IVa
Parameter Minimum Maximum Average
Number of 
Samples
Standard
Deviation
UV Transmittance, % 61.82 73.72 67.76 35 2.81
Turbidity, NTU 0.95 2.6 1.63 35 0.4
Suspended Solids, mg/L 0.25 6 2.55 34 1.36
Total Dissolved Solids, mg/L 1222 1462 1308 34 51.1
Total Iron, mg/L 0.2552 0.8866 0.3562 34 0.16
Conductivity, millimhos/cm 1.85 2.13 2.02 35 0.05
Hardness as CaC03, mg/L 540 620 580 34 23.4
Alkalinity as CaC03, mg/L 111.73 157.82 131.83 34 12.1
Total Organic Carbon, mg/L 6.667 9.652 8.353 33 0.79
pH 6.64 7.17 6.91 35 0.11
Temperature, Celsius 18.6 27.5 24.86 35 1.71
Chlorine Residual, mg/L 0 1.77 0.16 35 0.42
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Figure 5-25. Water Quality Monitoring Data - Phase IVa
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Figure 5-26. Correlations of Water Quality Data - Phase IVa
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Overall quality o f  ferric chloride treated effluent was better compared to the lime 
treated effluent during Phase lb. The average UV transmittance was 74.9 % for Phase 
IVa compare to 63.5 % for Phase lb. The average turbidity for Phase IVa was 1.2 NTU 
compare to 2.4 NTU for Phase lb. The average total suspended solid concentrations was 
2.8 mg/L compare to 5 mg/L for Phase lb. Figure 5-26 presents correlations similar to 
those observed in Phase la. High correlation (r2 = .68) existed between UV transmittance 
and turbidity, but significant correlations between UV transmittance and total suspended 
solids, and between turbidity and total suspended solids were not observed.
The scope o f Phase IV did not permit gathering o f detailed background indigenous 
microorganism concentrations. Background indigenous microorganism concentrations are 
essential for the dose response experiments and evaluation o f the disinfection efficiency. 
Some background data were obtained during Phase IVb dose-response experiments.
Filter water quality data gathered during Phase IVb are summarized in Table 5-12. 
Figure 5-27 shows the time series plots for turbidity, UV transmittance, and total 
suspended solid concentrations data collected during Phase IVb.
The average quality o f the filter effluent in Phase IVb was better than Phase IVa 
with respect to the total suspended solids, turbidity and UV transmittance. The maximum 
influent fecal and total coliform concentrations were 23000 MPN/100 mL with filter 
prechlorination off. This is very low compare to the concentrations o f fecal and total 
coliform gathered during Phase II, and may be a result of a change from trickling filter 
treatment to activated sludge treatment at the CCSD Central Plant.
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Figure 5-27. Water Quality Monitoring Data - Phase IVb
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Figure 5-28. Correlation of Water Quality Data - Phase IVb
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Figure 5-29 and 5-30 show the relationships between fecal and total coliform 
densities and UV dose. At the minimum UV dose o f 24 mWs/cm2, fecal and total 
coliform concentrations were consistently below 10 MPN/100 mL for all test runs. 
Effluent fecal and total coliform concentrations o f 2.2 MPN/100 mL were consistently 
achieved at a UV dose o f 40 mWs/cm2.
A seeded coliphage experiment was conducted to estimate the UV dose required 
for 4-log virus removal Figure 5-31 and 5-32 present the HPC and coliphage 
concentration versus UV dose levels. At the UV dose of 90 mWs/cm2 or greater, HPC 
and coliphage concentrations were both below CFU/mL and PFU/mL, respectively.
Table 5-12. W ater Quality M onitoring Sum m ary - Phase IVb
Parameter Minimum Maximum Average
Number of 
Samples
Standard
Deviation
UV Transmittance, % 71.44 76.34 74.86 14 1.6
Turbidity, NTU 0.4 1.5 1.2 14 0.43
Suspended Solids, mg/L 1.2 4.8 2.8 14 1.2
Total Dissolved Solids, mg/L 1206 1270 1245 14 17
Total Iron, mg/L 0.154 0.328 0.217 14 0.054
Conductivity, millimhos/cm 1.9 1.98 1.95 14 0.03
Hardness as CaC03, mg/L 540 572 556 11 11.8
Alkalinity as CaC03, mg/L 125.37 140.64 131.95 3 7.72
Total Organic Carbon, mg/L 6.445 7.712 6.883 4 0.054
pH 6.7 7.3 6.99 14 0.19
Temperature, Celsius 24.8 27.6 26.2 14 1
Chlorine Residual, mg/L 0.02 0.05 0.04 14 0.01
Influent Fecal Coliform, MPN/100 mL 1700 23000 11667 12 8141
Influent Total Coliform, MPN/100 mL 4900 23000 17467 12 8223
Influent HPC, CFU/mL 875000 1630000 1218750 8 321122
Influent Coliphage (seeded), PFU/mL 51000 133000 80500 3 45582
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Log reductions for fecal coliform, total coliform are plotted as a function o f  UV 
dose in Figure 5-33 and 5-34. Because o f the low initial fecal coliform concentration, a 4- 
log reductions were not obtained, even though fecal coliforms may have been completely 
inactivated while passing through the UV lamps. A 4 .1-log reduction was achieved on 
two sampling days for total coliform at a UV dose o f  40 mWs/cm2 on samples taken on 
September 1, and September 19, 1995. During these two days, the initial total coliform 
concentrations were sufficient to resolve 4-log reductions after disinfection.
Effluent coliphage concentrations and log reductions at various UV doses are 
plotted in Figure 5-32 and 5-36. The coliphage test results indicate that a 3.5-Iog 
reduction was achieved at a UV dose o f 90 mWs/cm2, and greater than 4-log reductions 
were achieved at U V  doses in the range of 115 to 130 mWs/cm2. Seeded concentration o f 
coliphage was not as high as enough as was previously obtained in Phase IT. Average 
influent coliphage concentration during Phase IVb was 80,500 PFU/mL, compared to 
250,000 PFU/mL achieved during Phase n .
Effluent HPC concentrations and log reductions at various UV doses are plotted in 
Figure 5-31 and 5-35. The HPC test results indicate that a 4.5-log removal was achieved 
at UV  doses in the range o f 95 to 130 mWs/cm2. Average influent HPC concentration 
during Phase Ivb was 1,083,333 CFU/mL, compared to 3,017,857 CFU/mL achieved 
during Phase II.
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Figure 5-33. Effluent Fecal Coliform Removal - Phase IV
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Figure 5-35. Effluent HPC Removal - Phase IV
97
Effluent Coliphage Removal Vs. UV Dose - Phase IVb
0 
-1
>O
Bo
(X -2o 
00 
ca•c
. 5* 
o ,CJ -3Uho 
00
-4
-5
0 20 40 60 80 100 120 140
UV Dose, mWs/cm2 
a 9/1/95
%--------------- 1 I
I
ft
A
-- — A' '
A
< 
<
Figure 5-36. Effluent Coliphage Removal - Phase IV
CHAPTER 6 
CCSD UV DISINFECTION MODEL
Lime treated effluent data collected during Phase II o f the pilot study at CCSD 
AWT were analyzed using the empirical model developed by Emerick & Darby 
(Emerick & Darby, 1993). Details o f the model were described in Equation 2-10 
(Chapter 2), where the relationship between the effluent coliform concentration and 
UV dose and water quality was stated below:
N  = A(SS)a( Trans)b (be ta)c (N  0)( dose) " (2-10)
where
N  = effluent coliform concentration, MPN/100 mL 
SS = suspended solids concentration, mg/L 
Trans = unfiltered UV transmittance at 254 nm 
beta = particle size distribution 
No = influent coliform concentration, MPN/100 mL 
dose = applied UV dose, mWs/cm2 
A, a, b, c, n = empirical coefficients.
The Emerick & Darby model was modified for CCSD pilot study. Through 
multiple linear regression analysis o f UV disinfection performance results and water 
quality data, statistically insignificant water quality parameters were excluded from the 
model. Multiple linear regression analyses were performed on the log transformed 
Phase II data using mehtod described in Emerick and Darby (1993). The regression 
analyses were performed at 95 percent confidence interval (i.e. a  = 0.05). I f  a water
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quality parameter’s p-value exceeded a , the parameter was not considered to  be 
significant and was excluded from the proposed regression, model.
Particle size distribution was not analyzed in the pilot study, therefore, beta 
was eliminated from the model. Due to the relatively narrow range o f suspended solids 
encountered (8 samples ranged from 0.4 to 1.8 mg/L), suspended solids was excluded 
from regression. Unfiltered UV transmittance values were incorporated directly in 
UV dose by using Equation 3-1 (Chapter 3).
1 5 8 2 0 -479507’+618407’2 n , v
UVDose   x -  (3-1)Q 3
In the multiple regression analsysis, the p-values for correlation of UV 
transmittance with fecal and total coliform were 0.279 and 0.210 indicating that UV 
transmittance were not significant in the models. Numbers o f influent coliforms were 
also found not to be statistically significant in the model. P-values for correlation o f 
effluent coliforms with influent fecal and total coliform were 0.503 and 0.355, 
respectively. Table 6-1 summarizes the initial regression analyses results for fecal and 
total coliform with all water quality parameters o f the lime treated effluent.
Table 6-1. Summary of Initial Regression Analyses for Fecal and Total 
Coliform, All Water Quality Parameters - Lime Treated Effluent 
“indicates significant at p < 0.05
Fecal Coliform Total Coliform
Summary o f  Fit
r2 0.460 0.556
Standard Error 0.267 0.251
Observations 64 64
Parameter Estimates
Intercept (p-value) 0.356 0.302
Log Influent Coliform (p-value) 0.503 0.355
Log Dose (p-value) 0.000* 0.000*
Log UV Transmittance (p-value) 0.279 0.210
Log Turbidity (p-value) 0.004* 0.005*
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Results o f the regression confirmed influent coliform numbers and UV transmittance 
could be excluded form the Emerick & Darby model.
Model generation required log-transforming the microbiological and water 
quality data. Using effluent coliform concentration data as a dependent value, multiple 
regressions were performed to determine the overall correlation and p-values for each 
water quality parameter. After completing the testes of significance, regression 
analyses were repeated excluding UV transmittance and influent coliform parameter 
(p-values>0.05) to determine the empirical coefficients n, b and the intercept A for 
fecal and total coliform models. Results of the regression are summarized in Table 6- 
2. The coefficients were then back-transformed to create Equations 6-1 and 6-2, which 
are presented in a format similiar to that used by Emerick and Darby (1993).
Table 6-2. Final Regression Analyses for Fecal and Total Coliform 
Models - Lime Treated Effluent
Fecal Coliform Total Coliform
Summary o f  Fit
r2 0.444 0.537
Standard Error 0.266 0.252
Observation 64 64
Parameter Estimates
Intercept (p-value) 0.005 0.000
Log Turbidity (p-value) 0.002 0.002
Log Dose (p-value) 0.000 0.000
For the CCSD UV Phase II data, the resulting models are:
N  = 12.41 {dose) ~°73 {turbidityfM (fecal coliform) (6-1)
N  = 21:9%{dose)~0W {turbidity)14' (total coliform) (6-2)
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where
N = effluent coliform concentration, MPN/100 mL
Dose = UV dose, mWs/cm2
Turbidity in NTU
The number o f sample sets used to develop this model was 64. Regression 
results show correlation coefficients (r2) o f 0.444 and 0.537 for fecal and total 
coliform, respectively. These coefficients indicate that 44 and 54 percent o f the total 
variance could be accounted for by dose and turbidity. With confidence interval of 95 
percent (i.e. a  = 0.05), p-values in Table 6-2 for the three computed coefficients in 
each model were below 0.05, indicating their significance.
The fits o f the fecal and total coliform models for the lime treated effluent to 
the experimental data used to develop them are illustrated in Figures 6-1 and 6-2. 
Results o f the linear regressions for observed log removal versus predicted log removal 
show correlation coefficients o f 0.965 and 0.948 for fecal and total coliform, 
respectively.
Ferric chloride treated effluent data collected during Phase IV o f  the pilot study 
at CCSD AWT were analyzed using the empirical model developed by Emerick & 
Darby (1993). The Emerick & Darby model was modified for Phase IV o f  the CCSD 
pilot study. Through multiple linear regression analysis o f the UV disinfection 
performance results and water quality data, statistically insignificant water quality 
parameters were excluded from the model. Some turbidity data collected during Phase 
IV were not reliable, as values below 1.0 NTU could only be estimatedd due to 
equipment problems. The particle size distribution was not analyzed in the pilot study, 
therefore, beta was incorporated into A. Total iron concentrations were included in
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Predicted Log Removal Vs. Observed Log Removal 
Fecal Coliform - Lime Treated Effluent
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Figure 6-1. Log Removal Plot Illustrating Fit of Model to Experimental Data
Fecal coliform - Lime Treated Effluent
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Figure 6-2. Log Removal Plot Illustrating Fit of Model to Experimental Data
Total Coliform - Lime Treated Effluent
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model development, because ferric chloride used at CCSD AWT would likely increase 
iron concentration in the UV influent. Particulate iron can shield microorganisms from 
UV light, thus decreasing UV disinfection. In addition, dissolved iron can reduce the 
transmittance o f UV light in water, resulting in lower UV intensity within the UV 
channel.
Regression analyses were evaluated using a 95 percent confidence interval (i.e. 
a  = 0.05). Results of the initial regression are summarized in Table 6-3. If  a water 
quality parameter’s p-value exceeded a , the parameter was classified as not significant 
and was excluded from the final model. The p-values for TSS, UV transmittance, and 
influent total coliforms exceeded .05 and were excluded from the model. The number 
o f data sets used to develop this model was 44. A final regression analysis was 
performed on the reduced set of independent variables to determine empirical 
coefficients for the proposed model. Results of the final regression analyses are 
summarized in Table 6-4.
Table 6-3. Summary of Regression Analyses for Fecal and Total Coliform 
All Water Quality Parameters - Ferric Chloride Treated Effluent 
“Indicates Significant at P < 0.05 Level
Fecal Coliform Total Coliform
Summary o f  Fit
R Square 0.714 0.717
Standard Error 0.212 0.231
Observations 44 44
Parameter Estimates
Intercept (p-value) 0.132 0.099
Log Influent Coliform (p-value) 0.001* 0.277
Log TSS (p-value) 0.695 0.267
Log Dose (p-value) 0.000* 0.000*
Log UV Transmittance (p-value) 0.125 0.138
Log Total Iron (p-value) 0,018* 0.022*
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Table 6-4. Summary of Final Regression Analyses for Fecal and Total 
Coliform - Ferric Chloride Treated Eflluent
Fecal Coliform Total Coliform
Summary o f  Fit
R Square 0.682 0.600
Standard Error 0.218 0.265
Observations 44 44
Parameter Estimates
Intercept (p-value) 0.001 0.000
Log Influent Coliform (p-value) 0.001
Log Dose (p-value) 0.000 0.000
Log Total Iron (p-value) 0.000 0.000
Results show correlation coefficients (r2) o f  0.60 and 0.68 for fecal and total 
coliforms, respectively. These coefficients indicate that 60 and 68 percent o f  the 
sample variance can be accounted for using the Emerick and Darby model.
For the ferric chloride-treated effluent, the final form o f the Emerick & Darby 
model is shown in Equations 6-3 and 6-4:
N  = 1 )° 35 (dosey0 S0(Fe)2 3 (Fecal Coliform) (6-3)
N  = 10ZM{dose)~01\F e ) 2 s (Total Coliform) (6-4)
where
N = effluent coliform concentration, MPN/100 mL 
Dose = UV dose, mWs/cm2 
Inf=  influent coliform level, MPN/100 mL 
Fe = Total iron concentration, mg/L.
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The fits o f  the fecal and total coliform models for the ferric chloride treated 
effluent to the experimental data used to develop them are illustrated in Figure 6-3 and 
6-4. Results o f linear regressions for the observed log removal versus predicted log 
removal show correlation coefficients o f 0.74 and 0.61 for fecal and total coliform, 
respectively.
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Predicted Log Removal Vs. Observed Log Removal 
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Figure 6-3. Log Removal Plot Illustrating Fit of Model to Experimental Data
Fecal Coliform - Ferric Chloride Treated Effluent
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Figure 6-4. Log Removal Plot Illustrating Fit of Model to Experimental Data
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATION
A. Recommended UV Dosages
Using data generated during Phase II and the Emerick and Darby model, the 
UV doses needed to meet the 200 and 2.2 MPN/100 mL fecal and total coliform 
concentrations have been calculated. The estimated doses are shown in Table 7-1.
Table 7-1. Estimated UV Doses - Fecal and Total Coliform 
Lime Treated Effluent
Effluent Fecal Coliform 
MPN/100 mL
Turbidity
NTU
Required UV Dose 
mWs/cm2
200 20
2.2 1.8d 34
3.6a 132
3.1b 98
2.6“ 70
3.5“ 124
Effluent Total Coliform
200 20
2.2 1.8d 44
3.6“ 133
3.1b 105
2.6“ 79
3.5“ 127
“mean + 2(standard deviation) cmean “observed maximum
bmean + standard deviation dobserved minimum
Effluent total coliform levels used to generate the model ranged from 2 to 49 
MPN/100 mL, respectively. To estimate UV dose at the effluent coliform 
concentration of 200 MPN/100 mL, the model is not valid, since it was developed
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based on 2 to 49 MPN/100 mL effluent concentration range. However, given the data 
provided from Tables 5-7, 5-8, and in the dose-response curves illustrated previously 
from Figures 5-7 to 5-18, a minimum UV dose o f 20 mWs/cm2 is likely to be adequate 
to achieve the surface discharge fecal and total coliform limits o f 200 MPN/100 mL.
The UV dose required to achieve the 2.2 MPN/100 mL fecal coliform is 
dependent on influent water quality. Turbidity data used to develop the recommended 
UV doses shown in Table 7-1 were the minimum, average, and maximum turbidity 
collected during Phase II. The model shows that, at higher influent turbidity, a higher 
UV dose is required to achieve the required effluent coliform concentration. For 
example, to achieve the 2.2 MPN/100 mL fecal coliform, the required UV doses are 
estimated to range from 34 to 124 mWs/cm2, depending on the influent turbidity levels.
Using data and the models generated for Phase IV data, UV doses needed to 
meet the 200 and 2.2 MPN/100 mL fecal and total coliform concentrations are shown 
in Table 7-2.
The UV dose required to achieve the 2.2 MPN/100 mL fecal coliform is highly 
dependent on influent concentrations o f fecal coliform and total iron. Influent fecal 
coliform concentration and iron data used to develop the recommended UV doses 
shown in Table 7-2 were based on the average, average + 1 standard deviation, and 
average + 2 times standard deviation values collected during Phase IVb. The model 
shows that, at higher combined influent concentration o f fecal coliform and total iron, a 
higher UV dose is required to achieve the required effluent coliform concentration.
For example, to achieve the 2.2 MPN/100 mL fecal coliform limit, the estimated UV 
doses are estimated to range from 65 to 278 mWs/cm2, depending on the influent
I l l
concentration o f  fecal coliform and total iron. The 278 mWs/cm2 value is a worst case 
estimate based on the assumption that the highest measured iron concentration and 
influent coliform density would simultaneously occur in the same water sample, an 
occurrance that is very unlikely.
Table 7-2. Estim ated UV Doses - Fecal and Total Coliform 
Ferric T reated Effluent
Effluent Fecal Coliform 
MPN/100 mL
Influent Coliform 
Density
Total Iron 
mg/L
Required UV Dose 
mWs/cm2
200 25
2.2 11667“ 0.22“ 65
11667 0.27b 117
11667 0.32“ 190
19808b 0.22 82
27949“ 0.22 95
19808 0.27 147
27949 0.32 278
Effluent Total Coliform
200 25
2.2 0.22“ 72
0.27b 158
0.32“ 303
“mean, bmean + stand, dev., “mean + 2(stand. dev.)
B. UV Lamp Cleaning Frequency
During Phase III, the UV pilot unit was operated continuously for a period o f 
fifteen weeks at a set UV dose to determine the cleaning frequency. The operating UV 
dose was 60 mWs/cm2. From the coliform data collected, it was not possible to 
determine the lamp cleaning frequency, because all measured effluent coliform 
concentrations were below the effluent standards. It is also noted that the UV dose o f 
60 mWs/cm2 set during Phase III was significantly higher than the minimum dosages
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established using the Emerick & Darby model. In addition, results o f the pilot test also 
show that UV intensity was not significantly decreased and that rate o f lamp fouling 
was not rapid.
The cleaning frequency for Phase IV is not available. At the time o f this thesis writing, 
Phase IV o f the pilot study is on-going with eight weeks remaining.
C. Utility o f Emerick and Darby Model
In Phase II, an Emerick and Darby model generated for the CCSD lime-treated 
effluent explained 44 and 54 percent of the total variance for fecal and total coliforms, 
respectively. UV dose and turbidity were significant independent variables.
In Phase IV, the Emerick and Darby model were successfully generated for the 
CCSD ferric-chloride treated effluent explained 60 and 68 percent o f the total variance 
for fecal and total coliforms, respectively. UV dose, total iron concentration and 
influent fecal coliform were significant independent variables for estimating effluent 
fecal coliform. UV dose and total iron concentration were significant independent 
variables for estimating effluent total coliform.
APPENDIX A 
ANALYTICAL PROCEDURES
Water quality o f each sample collected during the pilot study was characterized 
by measuring its physical and chemical characteristics. Water quality parameters 
included total suspended solid concentration, unfiltered transmittance at 254 nm, 
turbidity, iron concentration, total organic carbon, pH, total dissolved solid, 
temperature, conductivity, total chlorine residual, hardness, alkalinity, and 
microbiological analyses. Detailed analytical procedures are presented only for 
parameters that have direct impact on model development.
A. Determination of Total Suspended Solids Concentrations
Total suspended solids were measured according to Standard Method 2540D 
(WEF, 1992). Single measurements was performed on each collected sample. A 
standard and replicate o f sample were included in each run to assure quality o f the 
data.
B. Determination o f Unfiltered Transmittance
Transmittance was measured in a spectrophotometer (Beckman DU 70) 
equipped with 10-mm rectangular quartz spectrophotometer cell. Measurements were 
made at a wavelength o f  254 nanometers (nm).
C. Determination o f Turbidity
Turbidity was measured at CCSD AWT with a Hach Model 2100A 
turbidimeter. Standard manufacturer guidelines were followed.
A-l
A-2
D. Determination o f Iron Concentration
Iron concentrations were measured according to Standard Method 3111 Metals 
bv Flame Atomic Absorption Spectrometry, and EPA Method 236.1 Atomic 
Absorption. Direct Aspiration. Editorial Revision 1974 and 1978.
E. Microbiological Analyses
The multiple-tube fermentation technique was used to enumerate total and fecal 
coliform densities (Standard Method 9221). The results were reported in terms o f the 
most probable number MPN of coliforms per 100 mL o f sample. A sterile blank, an E- 
coli standard, and a pseudomonas standard were included with each batch o f MPN 
determinations.
APPENDIX B 
TABLES O F DATA
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Table B-9. Summary of Tracer Data for Pilot-Scale UV Disinfection System
Flow Rate = 30 gpm 
Conductivity Probe (ai 296' from Salt Feed
Sample 
Time (s) Conductivity t*C t*t*C
Cummulative
(%)
0.0 0.00 0.00 0.00 0.00
60.0 0.01 0.60 36.00 0.01
60.1 0.02 1.20 72.24 0.03
60.6 0.03 1.82 110.17 0.06
61.0 0.04 2.44 148.84 0.11
61.4 0.05 3.07 188.50 0.16
61.8 0.09 5.56 343.73 0.26
62.1 0.11 6.83 424.21 0.38
62.9 0.13 8.18 514.33 0.52
63.1 0.16 10.10 637.06 0.69
63.6 0.18 11.45 728.09 0.89
63.9 0.21 13.42 857.47 1.13
64.3 0.23 14.79 950.93 1.39
64.7 0.27 17.47 1130.24 1.69
65.1 0.32 20.83 1356.16 2.05
65.4 0.33 21.58 1411.46 2.43
65.8 0.37 24.35 1601.97 2.85
66.2 0.40 26.48 1752.98 3.32
66.6 0.43 28.64 1907.29 3.81
66.9 0.46 30.77 2058.78 4.35
67.3 0.52 35.00 2355.23 4.96
67.6 0.55 37.18 2513.37 5.61
67.9 0.57 38.70 2627.93 6.28
68.3 0.58 39.61 2705.64 6.98
68.8 0.57 39.22 2698.06 7.66
69.2 0.65 44.98 3112.62 8.44
69.4 0.70 48.58 3371.45 9.29
69.8 0.72 50.26 3507.87 10.17
70.3 0.75 52.73 3706.57 11.09
70.6 0.77 54.36 3837.96 12.03
70.9 0.80 56.72 4021.45 13.02
71.3 0.84 59.89 4270.30 14.07
71.6 0.89 63.72 4562.64 15.18
71.9 0.92 66.15 4756.04 16.33
72.3 0.94 67.96 4913.65 17.52
73.5 0.96 70.56 5186.16 18.75
73.8 0.99 .73.06 5391.98 20.02
74.0 1.04 76.96 5695.04 21.36
74.6 1.06 79.08 5899.07 22.74
75.0 1.08 81.00 6075.00 24.15
75.6 1.10 83.16 6286.90 25.60
76.0 1.12 85.12 6469.12 27.09
76.7 1.17 89.74 6882.98 28.65
77.0 1.18 90.86 6996.22 30.24
77.8 1.16 90.25 7021.29 31.81
Variance =
Dispersion
Number
196
0.013
Table B-9, cont. Summary of Tracer Data for Pilot-Scale UV Disinfection System
78.3 1.15 90.05 7050.52 33.38
79.0 1.17 92.43 7301.97 34.99
79.3 1.19 94.37 7483.30 36.64
79.6 1.20 95.52 7603.39 38.30
80.0 1.18 94.40 7552.00 39.95
81.6 1.16 94.66 7723.93 41.60
81.9 1.12 91.73 7512.52 43.20
82.6 1.15 94.99 7846.17 44.85
83.0 1.09 90.47 7509.01 46.43
83.5 1.08 90.18 7530.03 48.00
83.8 1.06 88.83 7443.79 49.55
84.8 1.06 89.89 7622.50 51.12
85.2 1.01 86.05 7331.63 52.62
85.6 0.96 82.18 7034.27 54.05
87.0 0.98 85.26 7417.62 55.54
87.8 0.85 74.63 6552.51 56.84
88.2 0.89 78.50 6923.52 58.21
88.6 0.90 79.74 7064.96 59.60
88.9 0.88 78.23 6954.82 60.96
89.8 0.84 75.43 6773.79 62.28
90.3 0.82 74.05 6686.35 63.57
90.8 0.81 73.55 6678.16 64.85
91.1 0.79 71.97 6556.38 66.11
91.5 0.75 68.63 6279.19 67.30
91.9 0.73 67.09 6165.30 68.47
92.1 0.70 64.47 5937.69 69.60
92.6 0.67 62.04 5745.09 70.68
93.6 0.66 61.78 5782.23 71.76
94.1 0.65 61.17 5755.63 72.82
94.5 0.63 59.54 5626.06 73.86
94.7 0.62 58.71 5560.22 74.89
95.0 0.60 57.00 5415.00 75.88
95.6 0.57 54.49 5209.44 76.83
95.8 0.55 52.69 5047.70 77.75
96.1 0.56 53.82 5171.72 78.69
97.0 0.57 55.29 5363.13 79.65
97.6 0.56 54.66 5334.43 80.60
98.3 0.58 57.01 5604.48 81.60
99.0 0.56 55.44 5488.56 82.56
99.6 0.53 52.79 5257.68 83.49
99.9 0.51 50.95 5089.81 84.37
100.5 0.50 50.25 5050.13 85.25
102.0 0.48 48.96 4993.92 86.10
103.2 0.47 48.50 5005.61 86.95
103.8 0.42 43.60 4525.26 87.71
105.3 0.40 42.12 4435.24 88.44
106.0 0.38 40.28 4269.68 89.15
106.6 0.37 39.44 4204.52 89.83
106.9 0.35 37.42 3999.66 90.49
108.0 0.34 36.72 3965.76 91.13
B-16
Table B-9, cont Summary of Tracer Data for Pilot-Scale UV Disinfection System
108.9 0.32 34.85 3794.95 91.73
110.0 0.31 34.10 3751.00 92.33
111.0 0.29 32.19 3573.09 92.89
111.3 0.28 31.16 3468.55 93.43
113.8 0.27 30.73 3496.62 93.97
114.5 0.26 29.77 3408.67 94.49
114.9 0.24 27.58 3168.48 94.97
115.3 0.23 26.52 3057.64 95.43
117.3 0.22 25.81 3027.04 95.88
118.5 0.25 29.63 3510.56 96.40
119.0 0.20 23.80 2832.20 96.81
120.0 0.17 20.40 2448.00 97.17
121.3 0.16 19.41 2354.19 97.51
123.6 0.15 18.54 2291.54 97.83
125.4 0.14 17.56 2201.52 98.14
127.2 0.13 16.54 2103.38 98.42
127.8 0.12 15.34 1959.94 98.69
131.6 0.10 13.16 1731.86 98.92
134.3 0.09 12.09 1623.28 99.13
135.8 0.08 10.86 1475.33 99.32
138.5 0.07 9.70 1342.76 99.49
141.0 0.06 8.46 1192.86 99.64
142.5 0.05 7.13 1015.31 99.76
148.0 0.04 5.92 876.16 99.87
150.5 0.03 4.52 679.51 99.94
161.0 0.02 3.22 518.42 100.00
Sum 67.80 5735.28 498434.13
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Flow rate 68 gpm
Conductivity Probe (2) 296" from Salt Feed
Sample 
Time (s) Conductivity t*C t*t*C
Cummulative
(%)
0.0 0.00 0.00 0.00 0
29.5 0.02 0.59 17.41 0.03
30.0 0.08 2.40 72.00 0.14
30.5 0.12 3.66 111.63 0.30
31.0 0.18 5.58 172.98 0.55
31.5 0.33 10.40 327.44 1.03
32.0 0.79 25.28 808.96 2.17
32.5 0.83 26.98 876.69 3.39
33.0 1.35 44.55 1470.15 5.41
33.5 1.57 52.60 1761.93 7.80
34.0 2.18 74.12 2520.08 11.15
34.5 2.66 91.77 3166.07 15.31
35.0 3.06 107.10 3748.50 20.17
35.5 3.36 119.28 4234.44 25.57
36.0 3.88 139.68 5028.48 31.90
36.5 3.92 143.08 5222.42 38.39
37.0 3.84 142.08 5256.96 44.82
37.5 3.75 140.63 5273.44 51.20
38.0 3.35 127.30 4837.40 56.97
38.5 3.02 116.27 4476.40 62.23
39.0 2.77 108.03 4213.17 67.13
39.5 2.51 99.15 3916.23 71.62
40.0 2.24 89.60 3584.00 75.68
40.5 1.97 79.79 3231.29 79.30
41.0 1.60 65.60 2689.60 82.27
41.5 1.42 58.93 2445.60 84.94
42.0 1.29 54.18 2275.56 87.40
42.5 1.01 42.93 1824.31 89.34
43.0 0.89 38.27 1645.61 91.08
43.5 0.78 33.93 1475.96 92.61
44.0 0.61 26.84 1180.96 93.83
44.5 0.53 23.59 1049.53 94.90
45.0 0.40 18.00 810.00 95.71
45.5 0.35 15.93 724.59 96.44
46.0 0.29 13.34 613.64 97.04
46.5 0.23 10.70 497.32 97.53
47.0 0.19 8.93 419.71 97.93
47.5 0.17 8.08 383.56 98.30
48.0 0.15 7.20 345.60 98.62
48.5 0.13 6.31 305.79 98.91
49.0 0.10 4.90 240.10 99.13
49.5 0.09 4.46 220.52 99.33
50.0 0.07 3.50 175.00 99.49
51.5 0.06 3.09 159.14 99.63
52.0 0.05 2.60 135.20 99.75
Variance = 9.0
Dispersion 
Number 0.0031
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53.5 0.04 2.14 114.49 99.85
55.5 0.03 1.67 92.41 99.92
57.5 0.02 1.15 66.13 99.97
60.0 0.01 0.60 36.00 100.00
Sum 58.29 2206.72 84254.37
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Flow Rate 90 gpm 
Conductivity Probe (5} 296' from Salt Feed Variance =  7.5
Sample 
Time (s) Conductivity t*C t*t*C
Cummulative
(%)_ _ Dispersion
0.0 0.00 0.00 0.00 0.00 Number 0.0045
22.0 0.00 0.00 0.00 0.00
22.5 0.01 0.23 5.06 0.02
23.0 0.09 2.07 47.61 0.17
23.5 0.18 4.23 99.41 0.49
24.0 0.49 11.76 282.24 1.37
24.5 ' 0.74 18.13 444.19 2.73
25.0 1.16 29.00 725.00 4.91
25.5 1.62 41.31 1053.41 8.01
26.0 2.58 67.08 1744.08 13.04
26.5 3.03 80.30 2127.82 19.06
27.0 4.03 108.81 2937.87 27.23
27.5 4.24 116.60 3206.50 35.97
28.0 4.18 117.04 3277.12 44.75
28.5 4.03 114.86 3273.37 53.37
29.0 3.62 104.98 3044.42 61.25
29.5 3.32 97.94 2889.23 68.59
30.0 2.74 82.20 2466.00 74.76
30.5 2.37 72.29 2204.69 80.18
31.0 1.93 59.83 1854.73 84.67
31.5 1.78 56.07 1766.21 88.88
32.0 1.07 34.24 1095.68 91.45
32.5 0.89 28.93 940.06 93.62
33.0 0.57 18.81 620.73 95.03
33.5 0.48 16.08 538.68 96.24
34.0 0.33 11.22 381.48 97.08
34.5 0.28 9.66 333.27 97.80
35.0 0.22 7.70 269.50 98.38
35.5 0.15 5.33 189.04 98.78
36.5 0.13 4.75 173.19 99.13
37.0 0.08 2.96 109.52 99.36
37.5 0.07 2.63 98.44 99.55
38.0 0.05 1.90 72.20 99.70
39.0 0.04 1.56 60.84 99.81
40.5 0.03 1.22 49.21 99.90
41.5 0.02 0.83 34.45 99.97
44.5 0.01 0.45 19.80 100.00
Sum 46.56 1332.95 38435.025
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Flow Rate 115 gpm 
Conductivity Probe (5) 296' from Salt Feed
Sample 
Time (s) Conductivity t*C t*t*C
Cummulative
(%)
0.0 0.00 0.00 0.00 0.00
19.0 0.00 0.00 0.00 0.00
19.5 0.01 0.20 3.80 0.02
20.0 0.09 1.80 36.00 0.22
20.5 0.23 4.72 96.66 0.73
21.0 0.86 18.06 379.26 2.68
21.5 : 1.38 29.67 637.91 5.89
22.0 2.07 45.54 1001.88 10.82
22.5 2.90 65.25 1468.13 17.88
23.0 4.19 96.37 2216.51 28.31
23.5 4.64 109.04 2562.44 40.12
24.0 4.55 109.20 2620.80 51.93
24.5 4.08 99.96 2449.02 62.75
25.0 3.52 88.00 2200.00 72.28
25.5 3.01 76.76 1957.25 80.59
26.0 1.96 50.96 1324.96 86.10
26.5 1.49 39.49 1046.35 90.37
27.0 0.91 24.57 663.39 93.03
27.5 0.71 19.53 536.94 95.15
28.0 0.41 11.48 321.44 96.39
28.5 0.31 8.84 251.80 97.35
29.0 0.23 6.67 193.43 98.07
29.5 0.17 5.02 147.94 98.61
30.0 0.11 3.30 99.00 98.97
30.5 0.09 2.75 83.72 99.27
31.0 0.06 1.86 57.66 99.47
31.5 0.05 1.58 49.61 99.64
32.5 0.04 1.30 42.25 99.78
33.0 0.03 0.99 32.67 99.88
34.5 0.02 0.69 23.81 99.96
37.0 0.01 0.37 13.69 100.00
Sum 38.13 923.93 22518.31
Variance = 3.5
Dispersion
Number 0.0029
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Flow Rate 140 gpm 
Conductivity Probe (Si 296" from Salt Feed
Sample 
Time (s) Conductivity t*C t*t*C
Cummulative
(%)
0.0 0.00 0.00 0.00 0.00
16.4 0.00 0.00 0.00 0.00
16.8 0.02 0.34 5.64 0.04
17.2 0.08 1.38 23.67 0.18
17.5 0.18 3.15 55.13 0.52
17.9 0.35 6.27 112.14 1.19
18.3 0.82 15.01 274.61 2.80
18.5 1.12 20.72 383.32 5.03
18.9 1.74 32.89 621.55 8.55
19.3 2.40 46.32 893.98 13.52
19.6 3.60 70.56 1382.98 21.09
19.9 4.60 91.54 1821.65 30.91
20.5 4.93 101.07 2071.83 41.75
20.8 4.76 99.01 2059.37 52.37
21.2 4.36 92.43 1959.56 62.28
21.5 3.70 79.55 1710.33 70.81
21.9 3.09 67.67 1481.99 78.07
22.4 2.29 51.30 1149.03 83.57
22.7 1.78 40.41 917.22 87.91
22.9 1.33 30.46 697.47 91.17
23.3 0.95 22.14 515.75 93.55
23.8 0.65 15.47 368.19 95.21
24.1 0.46 11.09 267.17 96.39
24.5 0.35 8.58 210.09 97.31
24.8 0.27 6.70 166.06 98.03
25.3 0.18 4.55 115.22 98.52
25.6 0.13 3.33 85.20 98.88
25.9 0.10 2.59 67.08 99.16
26.3 0.08 2.10 55.34 99.38
26.7 0.06 1.60 42.77 99.55
27.0 0.05 1.35 36.45 99.70
27.4 0.04 1.10 30.03 99.82
27.8 0.03 0.83 23.19 99.90
29.2 0.02 0.58 17.05 99.97
30.1 0.01 0.30 9.06 100.00
Sum 44.53 932.35 19630.08
Variance =
Dispersion
Number
2.3
0.0026
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Flow rate 165 gpm 
Conductivity Probe ®  296 ' from Salt Feed Variance =  2.6
Time (s) Conductivity t*C t*t*C
Cummulative
(%) Dispersion
14.3 0.00 0.00 0.00 0.00 Number 0.0037
14.6 0.01 0.15 2.13 0.02
15.1 0.05 0.76 11.40 0.14
15.5 0.11 1.71 26.43 0.41
15.8 0.26 4.11 64.91 1.06
16.3 0.63 10.27 167.38 2.69
16.6 1.21 20.09 333.43 5.87
16.9 1.62 27.38 462.69 10.21
17.4 2.39 41.59 723.60 16.80
17.8 2.97 52.87 941.01 25.18
18.1 3.55 64.26 1163.02 35.36
18.4 4.00 73.60 1354.24 47.02
18.7 3.69 69.00 1290.36 57.95
19.1 3.21 61.31 1171.04 67.67
19.4 2.68 51.99 1008.64 75.90
19.8 2.08 41.18 815.44 82.43
20.3 1.60 32.48 659.34 87.57
20.5 1.06 21.73 445.47 91.02
21 0.76 15.96 335.16 93.55
21.3 0.57 12.14 258.60 95.47
21.7 0.37 8.03 174.23 96.74
22 0.25 5.50 121.00 97.61
22.4 0.19 4.26 95.33 98.29
22.7 0.15 3.41 77.29 98.83
23.2 0.10 2.32 53.82 99.19
23.5 0.06 1.41 33.14 99.42
23.8 0.05 1.19 28.32 99.61
24.3 0.04 0.97 23.62 99.76
24.9 0.03 0.75 18.60 99.88
25.6 0.02 0.51 13.11 99.96
25.7 0.01 0.26 6.60 100.00
32.2 0.00 0.00 0.00 100.00
Sum 33.72 631.15 11879.36
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PREPARED BY: Fred Soroushian/CH2M HILL
PREPARED FOR: Stan Shumaker, Civil Engineer 
Clark County Sanitation District
DATE: June 30, 1994
Clark County Sanitation District-Ultraviolet Light Disinfection 
Pilot Test Protocol
SUBJECT:
PROJECT: SWW37269.UV
Project Understanding
The objective of Ultraviolet (UV) Light Disinfection Piloting Project is to determine 
the feasibility of UV disinfection to meet the effluent disinfection requirements for the 
Clark County Sanitation District (CCSD) Advanced Wastewater Treatment (AWT) 
Plant. Two particular concerns about UV disinfection are its effectiveness in meeting 
the stringent wastewater reclamation standards and the potential for lamp scaling 
associated with the high level of total dissolved solids in the plant effluent. The results 
of the pilot studies will assist the CCSD in:
Determining the UV dose required to disinfect filtered effluent to meet 
the effluent 30-day geometric fecal coliform mean of 2.2 most probable 
number (MPN)/100 milliliters (ml) for reuse and 200 MPN/100 ml for 
discharge to surface waters
Identifying maintenance requirements and the cleaning frequency 
required to operate the system efficiently and effectively
Establishing relationships between UV disinfection results and 
transmittance and turbidity
Developing site-specific design criteria and full-scale facilities cost
The UV disinfection pilot plant wjll be located south of the effluent filters. The pilot 
unit for this project will be provided by Fischer and Porter (F&P). This pilot unit 
consists of three banks of horizontally mounted UV lamps that are in a straight-flow 
configuration. Each bank consists of four 60-inch-long, low-intensity UV lamps. The
Pilot Plant Setup
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unit is designed to provide 4 feet of straight channel section at inlet and outlet of the 
unit.
The anticipated range of UV dose for piloting is from 10 to 40 mWS/cm2 for achieving 
200 fecal coliform limit and 40 to 120 mWS/cm2 for achieving 2.2 fecal coliform limit. 
The UV dose will be varied by either changing the number of banks online or by 
changing the flow rate. The desired flow rates will be calculated based on measured 
UV transmittance, lamp age, and number of UV banks online. Table 1 presents the 
UV dose for the pilot unit assuming new lamps (100 hours burn-in) and all three banks 
online. To reduce the flow rate at lower doses, operation with one or two banks online 
would be desirable. The flow for one and two banks in operation, at a given dose and 
UV transmittance, will be one-third and twi ..-ds of the values in Table 1, 
respectively.
Table I 
UV Dose for F&P Pilot Unit 
Bused on PSS Method
Average
Nominal
Calculated UV Dose in mVVS/cm' 
(flow rate, jjpin)
Transmittance
(%)
Intensity
mWS/cm1 50 75 too 125 150 175 200 225
50 4.87 145 97 73 58 48 41 36 32
55 5.51 164 109 82 66 55 49 41 36
60 6.28 189 125 93 75 62 53 47 42
65 7.21 215 143 107 86 72 61 54 48
70 9.86 249 166 125 100 83 71 62 55
Theoretical Retention Time. 
seconds3
29.8 19.9 14.9 11.9 9.9 8.5 7.5 6.6
3The dose is calculated based on a transmittance through quartz sleeve of 0.S9, U V  lamp intensity
equal to nominal new lamp intensity (100 hours bum-in), and theoretical retention time.
The outputs (i.e., UV intensities) for selected lamps will be monitored during Phases II 
and III of the pilot study. The lamp UV intensity will be measured in place using a 
radiometer/detector/filter/input optics setup. Such measurements will be used to verify 
UV dosage calculations and to estimate the decline of UV intensity due to lamp aging 
and/or lamp fouling. Attention will be made to obtain the input optics measurements 
from the same locations at precise distances from the selected lamps.
Figure 1 is a schematic diagram of the pilot facilities. As shown in Figure 1, the pilot 
plant includes a mix/batch tank upstream of the UV pilot unit. The mix/batch tank will 
be used only during Phase II of the pilot testing to eliminate fluctuations in the
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UV influent water quality, as discussed in the next section. The tank size allows 
preparation of an adequate volume of seeded UV influent for a complete test run. 
The mix/batch tank will be located at grade adjacent to the filters. Unchlorinated 
filtered effluent from the effluent channel will be pumped to the mix/batch tank. 
During Phase III, the mix/batch tank will be bypassed; and the filtered effluent will be 
pumped directly to the UV pilot unit. The UV pilot effluent will be returned to the 
Waste Washwater Tank.
To minimize sample contamination, sample points will have a continuous flow of 
approximately 3 gallons per minute (gpm) and an air gap at the point of discharge to 
drain. Samples of effluent UV water will be collected mainly from the outlet of the 
UV channel. No intermediate sample taps will be installed between the UV banks. If 
a sample between the UV banks is needed, a grab sample will be obtained using a tube 
sampler.
Table 2 summarizes of the facilities sizing for the UV pilot plant. The facilities’ sizes 
were estimated based on a maximum testing flow of 225 gpm. At the anticipated filter 
effluent UV transmittance of 60 to 65 percent, this flow rate allows operation at the 
lower end of the pilot test UV dose (10 mWS/cm2) with one bank online.
W ork  P lan
The pilot study will be divided into three phases as discussed below. The total duration 
of the pilot study is estimated to be 6 months.
Phase I
Phase I will involve collecting detailed UV influent data. UV influent will be 
monitored for the water quality parameters and indigenous micro-organisms shown in 
Table 3. The UV influent samples will be collected from the sample point on the 
discharge pipe of the filter effluent pump as shown in Figure 1. The objectives of 
Phase I include:
• Establish impact of filter prechlorination on filter effluent quality
• Establish impact of filter run time on filter effluent quality
• Establish diurnal variation of filter effluent
• Develop baseline filter effluent data
• Establish residence time of UV pilot unit
Phase I will last 1 month. As shown in Table 3, this phase includes a 2-week period for 
evaluating the impact of filter run time on filter effluent quality (identified as "la" in 
Table 3) and a routine sampling period (identified as “lb"). The following is a brief 
description of the Phase I sampling steps and objectives.
Table 2
UV Pilot Plant Facilities Sizing
Item Value
U V  influent flow rate, gpm  (m axim um ) 225
Pipes and Valves, inches
F ilter Effluent 4
U V  Influent 4
Overflow 4
D rain 3/4
Sam ple 3/4
M ix/Batch Tank, gallons
T otal volume (m inim um ) 7,000
O perating Liquid volum e (m inim um ) 6,000
Filter Effluent Pump1
Capacity (maximum), gpm 250
T otal Dynamic H ead, ft 30
M ix/Batch T ank Mixerb
Bulk Flow Velocity, fpm 18 to 24
M aximum Speed, rpm 70
U V  Pilot Feed Pump1
Capacity (maximum), gpm 250
T otal Dynamic H ead, ft 10
F low m eter Range, gpm 25 to 250
*The pilot test flow would be in th e  range of 50 to 250 gpm. T he pum p
selected should be able to cover the  entire range, either by use o f a
variable-speed drive or by a throttling  valve on the pum p discharge.
"Optionally, a recirculation pum p can be used instead of the mixer. The
pum p capacity shall be 100 gpm m inim um  at 15 feet total dynamic head.
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Im p a c t o f  F ilter P rech lo r in a tio n
To establish the impact of filter prechlorination on filter effluent quality and coliform 
levels, two sets of filter effluent samples will be collected during each sampling event 
shown in Table 3 (except for Tuesday, July 12, and Thursday, July 21). On these two 
days, only unchlorinated effluent will be collected. The sampling procedure is as 
follows:
• For Phase la, collect samples during the morning. For Phase lb, the
sampling time will be selected based on Phase la results.
• Collect samples from the sampling location downstream of filter effluent 
pump.
• Operate the filter effluent pump for at least 5 minutes and flush the
sample tap before collecting the first set of samples.
• After collecting the first set of samples, stop the filter prechlorination and
operate the filters for a time period equivalent to three times the filter 
residence time.
• Operate the filter effluent pump with unchlorinated filter effluent for at 
least 5 minutes and flush the sample tap before collecting the samples.
• Collect the second set of samples. Prior to sampling, monitor the filter 
effluent to ensure the absence of chlorine residual.
• Start the filter prechlorination.
• Analyze only the unchlorinated sample for total organic carbon (TOC), 
total dissolved solids (TDS), hardness, alkalinity, and iron. Analyze both 
sets of samples for all other parameters shown in Table 3.
High iron levels in the filter effluent could adversely impact disinfection performance. 
If ferric chloride is added to secondaty clarifiers for phosphorus control, the Phase I 
sampling should be conducted while ferric chloride is being added.
Im p a c t o f  Filter R u n  T im e
The impact of filter run time on filter effluent quality will be established over a 2-week 
period during Phase la. On the last Friday before Phase la starts, the filter run time 
will be set at 60 hours, as shown in Table 3. For the entire first week of Phase la, the 
filters will be operated at 60-hour run time. On the Sunday before the second week of 
Phase la, the filter run time will be set at 30 hours. The filters will be operated at this 
run time for the entire second week. On the last Sunday of Phase la, the run time will 
be reset to the normal filter run time. During Phase la, the filter effluent samples will 
be collected in accordance to the sampling procedure discussed above and analyzed for
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the parameters shown in Table 3. The turbidity monitoring shown in this table 
represents the frequency required for UV disinfection program. District should 
consider collecting additional data for turbidity (i.e., hourly or continuous) and other 
constituents (i.e., phosphorus) to further establish the filtration system's performance at 
these fitter run times. Ail filter run adjustments should be completed by about 
8:00 a.m. on the days shown.
D iu rn a l V aria tions
In addition to the routine sampling discussed above, to establish diumal variations of 
filter effluent, one intensive sampling day will be conducted during each week of 
Phase la (Tuesday, July 12, and Thursday, July 21). On the intensive sampling days, 
samples will be collected every 4 hours, starting at 6:00 a.m. Six samples will be 
collected, and they should represent unchlorinated filter effluent. TOC, TDS, hardness, 
and alkalinity will be analyzed for a composite sample. All other parameters shown in 
Table 3 will be measured for individual samples. Duplicate data points for total and 
fecal coliform will be developed by collecting and analyzing two discrete samples for 
each sampling event (total of 12 samples).
R outine S a m p lin g
Based on the Phase la testing results, the diurnal variations of the UV influent 
properties will be identified; and the appropriate testing period for Phase lb will be 
established. Because other indigenous micro-organisms would potentially exhibit 
diurnal patterns similar to those of total and fecal coliform, testing for other micro­
organisms will be conducted (if practical) during time periods when the coliform 
concentration is at its highest. The Phase lb monitoring will include testing for 
coliphage MS-2 and heterotrophic plate count (HPC).
Based on the results of this phase, the background concentration of micro-organisms 
will be established. Seeding with coliphage MS-2 would be necessary, because 
adequate concentration of indigenous coliphage is not expected to be present to 
challenge the UV disinfection process. Phase lb testing frequency for micro-organisms 
and other water quality parameters is shown in Table 3.
Residence T im e E va lu a tio n
Tracer tests will be conducted on the actual or a similar pilot plant unit to verify 
process detention time. The tracer tests will be conducted at minimum, average, and 
maximum Phase II Pilot Plant flow rates. For the tracer test, a tracer should be 
injected right upstream of the UV pilot unit. The tracer test methods commonly used 
are the step-dose method, in which the tracer is injected at a constant rate throughout 
the test, and the slug-dose me:hod, in which a slug of tracer is introduced at the start of 
the test. The step-dose test method, which uses either a salt tracer or Rhodamine WT 
dye, should be used for the pilot plant. The salt or dye concentration should be 
monitored continuously at the inlet, the outlet, and between the UV light banks.
Phase II
c-io
The main objective of Phase II work will be to determine UV disinfection efficiency 
and develop the UV dose response curves for the study micro-organisms. It is expected 
that Phase II will be completed in I month. The unchlorinated filtered effluent will be 
pumped to the mix/batch tank, located upstream of the UV pilot unit. The tank size 
allows preparation of an adequate volume of UV influent for a complete test run. 
Because the doses required for achieving the 30-day fecal coliform limits of 200 and 
2.2 MPN/100 ml are significantly different, separate test runs will be conducted for each 
disinfection limit. Test runs conducted for achieving the stringent reuse limit would 
also include the coliphage MS-2 seeding experiment. The seeded experiments with 
coliphage MS-2 will be carried out under controlled influent concentrations by mixing 
the seed with the tank contents to achieve a coliphage MS-2 concentration of about 
1 x 107 per 100 ml. Total coliform, fecal coliform, and HPC will be tested for using the 
indigenous micro-organisms.
Phase II testing will be completed during the summer. To minimize the temperature 
impact on the pilot plant operation, the testing will be completed during early morning 
hours. The filter prechlorination, will be stopped at night, a period of at least three 
times the filter residence time will be allowed to flush the chlorinated influent through 
the filters, and the filter influent/effluent will be monitored to assure absence of 
chlorine residual prior to .diversion of the flow to the mix/batch tank. The mix/batch 
tank will be filled, seeded (for reuse test runs only), and mixed; and the testing will be 
completed during the early morning hours. The following is a description of the 
seeding procedure:
• Add seed when the tank is half full.
• Following seeding, start the tank mixing system, which will be operated 
during the entire disinfection run.
• After the tank reaches the desired level, mix the tank contents for an 
additional 20 minutes before starting the disinfection run.
Prior to the start of Phase II, collimated beam studies will also be conducted to 
establish the target UV dose. The water samples will be sent to F&P for collimated 
beam studies. One pilot plant practice run will also be conducted and will include 
coliphage MS-2 seeding. Based on the results of the collimated beam study and the 
practice run, the dose range and the corresponding pilot plant flow rates for conducting 
UV inactivation testing in Phase II will be established.
As shown in Table 4, four dose-response tests will be conducted for each fecal coliform 
limit. The dose-response tests will be conducted on separate test runs by repeating the 
entire procedure. A minimum of four different doses will be tested in each run. By 
varying the flow rate and the number of banks online, the UV dosage will be varied. 
The unit will be operated at the desired UV dose levels until a steady state is reached, 
after which the influent and effluent samples will be collected. Testing requirements
C - l l
Table 4
Phase I I  Water Quality Monitoring
W ater Quality Parameters*
Practice Run on 
August 2
Weeks of August 15, 22, 29 
and September 5
Tuesday Thursday
UV" Disinfection
Turbidity 2/batch 3/batch 3/batch
Conductivity 2/batch 3/batch 3/batch
PH 2/batch 3/batch 3/batch
Temperature 2/batch 3/batch 3/batch
Particle count 2/batch 3/batch 3/batch
U V  transmittance 2/batch 3/batch 3/batch
Total organic carbon (TOC) - l/batch l/batch
Total dissolved solids (TDS) - 1/batch 1/batch
Hardness (Ca. Mg) - 1/batch l/batch
Alkalinity - 1/batch l/batch
Suspended solids 1/batch 1/batch l/batch
Iron 1/batch 1/batch l/batch
Fecal coliform 8“ l l c l l c
Total coliform 8b 11* l l e
HPC 8" 6” -
Coliphage 86 U e -
Chlurinated Sample
Chlorine residual 2 2
Fecal coliform 2 2
Total coliform 2 2
HPC 1
Coliphage 2
•Monitoring for U V  transmittance, TOC, and iron to be similar to Phase I (Table 3).
T h e  number o f samples for practice run are calculated assuming up to six U V  doses for the run 
and one single sample per dose and two U V  inlluent samples for the batch.
T h e  number of samples were calculated assuming four doses per run with two discrete effluent 
samples per.dose and three U V  influent samples per batch.
T h e  number of samples was calculated assuming four doses per run with a single sample per 
dose and two U V  influent samples per batch. Only the influent samples collected at the 
beginning and end o f the run will be analyzed for H P C
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for micro-organisms and other water quality parameters are shown in Table 4. The 
UV influent samples will be collected from the inlet of the UV channel. The UV 
effluent will be collected from the outlet of the UV channel. The procedure to be 
followed is as follows:
• About 30 minutes before the start of each run, start the UV lamps while 
the pilot unit is dry. Do not look at UV lamps without wearing proper 
eye protection.
• Allow the lamps to warm up for about 5 minutes. Then, start the UV
pilot feed pump and maintain very low flows (5 to 20 gpm) through the
unit.
• Maintain these low flows for about 20 minutes before starting the
disinfection test.
• Always start with the highest dose and proceed in the decreasing dose
order.
• If the banks need to be turned off during testing to adjust the UV dose,
start with the most upstream bank and proceed toward the downstream 
bank.
• After the unit is set at the designed dose, wait for a time period equal to 
five times the residence time through the unit (at the test flow rate) prior 
to sampling.
• Collect two discrete UV effluent samples for each dose.
» Always sample after the last bank (outlet of UV channel). Do not
sample between the banks.
• Collect three UV influent samples: one at the beginning, one in the
middle, and one before the end of each run. Collect the UV influent 
samples from the inlet channel of the UV pilot unit, prior to the first 
bank.
• To minimize the impact of sunlight on disinfection piloting, place each
sample in an ice chest kept in the dark, immediately after it is collected.
Between runs, the pilot unit will be turned off, drained, thoroughly disinfected, flushed, 
and dried. Also, the lamps will be cleaned between the runs to minimize the lamp
fouling impact on the calculated UV dose. The procedure to follow is as follows:
• Drain the tank contents after each test run.
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• • After draining, fill the tank about one-third full with water and add
sodium hypochlorite to achieve a chlorine residual of about 10 milligrams 
per liter^mg/L).
• Recirculate the chlorinated water for about 10 minutes and then pump it 
through the UV system components and piping.
• Drain the tank to the extent possible and then fill it about one-third full 
with water. Add either sulfur dioxide solution or sodium thiosulfate to 
the tank.
• Recirculate the sulfonated water for about 10 minutes and then pump it 
through the UV system components and piping.
• After dechlorination, drain and dry the tank, UV system components, and 
piping to the extent possible. Keep the system dry until subsequent test 
run.
• If the tank cannot.be thoroughly drained, then chlorinated water should 
be kept in the tank; and a chlorine residual of at least 15 mg/L should be 
maintained to prevent biogrowth. The system should then be 
dechlorinated just before conducting the next run.
• Cleaning of the UV lamps is to be in accordance with F&P procedure.
For reuse test runs, a chlorination test will also be conducted. The water sample will 
be collected from the mix/batch tank after coliphage seed is added and mixed. This 
sample will be dosed with sodium hypochlorite and mixed for a predetermined contact 
time. Two samples will then be tested for the same micro-organisms as UV as shown 
in Table 4. The chlorine dose and contact time will be established based on the 
present field operating experience.
Phase III
Phase III will determine the frequency of UV lamp cleaning under normal operating 
conditions. During this phase, the pilot unit will be operated continuously. The lamp 
UV intensity will be measured in place using a radiometer/detector/filter/input optics 
setup. The UV lamp sleeves will not be cleaned unless consecutive results for the 
critical process parameters (i.e., fecal coliform) exceed the acceptable levels. The unit 
will be operated in this mode for at least 3 months.
The required UV dose for Phase III operation will be established based on the results 
of Phases I and II. The UV pilot unit will be operated at the target flow rate necessary 
to achieve the required dose with two banks online. The first and second banks will be 
kept online, and the third bank will be kept offline. In addition to establishing the rate 
of scale buildup for the online banks and the cleaning frequency, this testing allows 
determining the impact of two-bank operation on disinfection efficiency and
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determining the biofouling potential for the offline bank. During this phase, the mix/ 
batch tank will be bypassed and the filtered effluent will be pumped directly to the 
UV pilot unit. The sampling frequency for Phase m , shown in Table 5, will be 
adjusted based on Phases I and II Geld experience. Sample points for this phase will 
be similar to those used in Phase II. Prior to sample collection for coliform analysis, 
the filter prechlorination will be stopped; a period of at least three times the filter 
residence time will be allowed to flush the chlorinated influent through the filters; and 
the filter influent/effluent will be monitored to assure absence of chlorine residual. 
Both fecal coliform levels and the UV intensity monitored by the radiometer/detector/ 
filter/input optic setup might be used as the process parameters to trigger lamp 
cleaning. The Phase III operation will be further defined based on sampling results 
and pilot operation experience from Phases I and II.
Schedule
The overall schedule for completion of the UV Light Disinfection Piloting Project is 
shown in Figure 2. The Phase I sampling will start on July 11.
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Table 5
Phase I I I  Water Quality Monitoring
Water Quality Parameters*
M T W  T F S s
UV Disinfection
Turbidity I I 1
Conductivity 1 1
pH 1 1 1
Temperature I 1 1
Particle count I 1 1
U V  transmittance 1 1 1
Total organic carbon (T O C ) — 1 -
Total dissolved solids (TD S) - 1 —
Hardness (Ca. Mg) - 1 -
Alkalinity — 1 —
Suspended solids 1 1 I
Iron I 1 1
Fecal coliform 2“ 3" 2*
Total coliform — y —
HPC — — —
Coliphage - - - •
‘ Monitoring for U V  transmittance, T O C  and iron to be similar to Phase I  (Table 3). 
"Two discrete U V  effluent samples will be analyzed.
'One U V  influent and two discrete U V  effluent samples will be analyzed.
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